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ABSTRACT 
 
The concept of a biofuel cell takes inspiration from the natural capability of 
biological systems to catalyse the conversion of organic matter with a subsequent release 
of electrical energy. Enzymatic biofuel cells are intended to mimic the processes occurring 
in nature in a more controlled and efficient manner. Traditional fuel cells rely on the use of 
toxic catalysts and are often not easily miniaturizable making them unsuitable as 
implantable power sources. Biofuel cells however use highly selective protein catalysts 
and renewable fuels. As energy consumption becomes a global issue, they emerge as 
important tools for energy generation. 
The microfluidic platforms developed are intended to maximize the amount of 
electrical energy extracted from renewable fuels which are naturally abundant in the 
environment and in biological fluids. Combining microfabrication processes, chemical 
modification and biological surface patterning these devices are promising candidates for 
micro-power sources for future life science and electronic applications. 
This thesis considered four main aspects of a biofuel cell research. Firstly, concept 
of a miniature compartmentalized enzymatic biofuel cell utilizing simple fuels and 
operating in static conditions is verified and proves the feasibility of enzyme catalysis in 
energy conversion processes. 
Secondly, electrode and microfluidic channel study was performed through 
theoretical investigations of the flow and catalytic reactions which also improved 
understanding of the enzyme kinetics in the cell. 
Next, microfluidic devices were fabricated from cost-effective and disposable 
polymer materials, using the state-of-the-art micro-processing technologies. Integration of 
the individual components is difficult and multiple techniques to overcome these problems 
have been investigated. Electrochemical characterization of gold electrodes modified with 
Nanoporous Gold Structures is also performed.  
Finally, two strategies for enzyme patterning and encapsulation are discussed. 
Several protein catalysts have been effectively immobilized on the surface of commercial 
and microfabricated electrodes by electrochemically assisted deposition in sol-gel and 
poly-(o-phenylenediamine) polymer matrices and characterised  with confirmed catalytic 
activity.  
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CHAPTER I 
INTRODUCTION TO BIOFUEL CELL RESEARCH 
 Without energy life would be extinguished instantaneously, and the cellular fabric 
would collapse 
 
 Albert-Szent Gyorgi 
 
 
1.1. Biofuel cells - emerging renewable energy sources. 
 
 
1.1.1.  Alternative power supply. 
 
 
Consumption and production of energy, which still rely primarily on combustion 
of fossil fuels, have a severe impact on world economics and ecology. As the global 
energy demand per annum has been continuously increasing, the contemporary 
dependence on traditional fuels is no longer sustainable due to limited natural resources,  
growing atmospheric pollution and global warming repercussions [1]. In the times of a 
constant increase of the rate of annual energy consumption, a growing depletion of 
traditional fossil fuels supply and environmental issues associated with the traditional 
methods of energy generation and consumption, alternative energy sources became an 
urgent research theme. Electrochemical energy production is currently under serious 
consideration as a more sustainable and environmentally friendly alternative energy/power 
source. Among three main types of electrochemical systems for energy conversion and 
storage, the most recognized are batteries and fuel cells [2].  
Fig. 1.1 compares some of the existing alternative energy sources with respect to 
the power that can be drawn from the device. As can be seen from the diagram, the 
amount of energy, which can be extracted from the biofuel cells is within µW and mW 
range. This is several orders of magnitude less than the lowest power derived from a 
traditional fuel cell. Due to the biocompatible and environmentally friendly nature of 
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biological cells, these devices can be however successfully employed as the green micro-
power energy sources, where fuel cells cannot be applied.  
 
Fig. 1.1. Diagram of the power range delivered by some of the alternative energy 
producing systems [3], based on the information provided in ref. [4]. 
 
Fuel cells have been utilized for their power-generating abilities as early as in 1839 
however they were first applied for commercial use in 1955 by the General Electric 
Corporation, known these days as a joint venture with Plug Power under a common name, 
GE Fuel Cell Systems (GEFCS). Forgotten and re-emerged after a period of inactivity, 
fuel cells are now a vibrant subject of extensive research focused on energy production.  
All fuel cells have the same major components: a cathode and an anode immersed in a 
mutual electrolyte solution. The technology is based on the conversion of chemical energy 
from highly energetic fuels into electrical energy via redox reactions occurring at the 
electrode/electrolyte interface. In the cell, the anode breaks down the substrate by 
oxidizing it into electrons and ions. The electrons are subsequently transferred to the 
cathode, where the reaction of reduction takes place, generating waste products, such as 
water. The electrolyte solution is necessary to facilitate the flow of ions, while the electron 
transfer is carried by an external circuit. The fuel itself is also necessary to drive forward 
the chemical reaction that produces the current, and hence generates the power.  While the 
most common substrate used is hydrogen, various other fuels have been investigated, such 
as organic solvents (methanol, ethanol) [5]. Vast majority of conventional fuel cells utilize 
hydrogen or methanol, forming water and carbon dioxide as reaction by-products. While 
CO2 is by nature a harmless gas, H2 used to produce energy gives rise to a number of 
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safety issues related with its transport and storage. Furthermore, many substrates 
employed in fuel cell studies include substances generated as a result of petroleum 
combustion. For these reasons, the imperative demand for alternative power sources has 
been urgently recognized, with numerous efforts being made towards the development of 
energy harvesting devices capable of operating in physiological conditions without the 
prerequisite for frequent recharging.  
It should be noted that the request for alternative energy sources corresponds 
particularly to micro-power systems, where due to the exponentially growing number of 
microscale devices requiring a prolonged operation time without the power source 
replacement, this demand is even more urgent. In this light, small scale medical devices, 
primarily miniaturized implants such as pacemakers; insulin pumps; nano-robots for 
accurate delivery of drugs and health monitoring systems, has focused the commercial 
attention on micro-power sources, with a special consideration of biofuel cells [1]. Among 
various different fuel cell categories, biologically driven devices employing microbial or 
purely enzymatic systems soon became one of the most appealing avenues that have ever 
diverged from the original design solution. The principle behind the operation of 
biological cells relies on the conversion of chemical energy naturally present in organic 
substrates into electrical energy, via the catalytic capabilities of stand-alone or cell 
contained enzymes.  
The significant upsurge in the research and development of biologically driven 
power sources has been attributed to a number of key factors. Enzymes and biofuels are 
renewable energy sources that are sustainable and have the potential to limit 
environmental impact from the corresponding power devices. This is in contrast with more 
traditional energy carriers, which are fossil fuels and organic solvents, both non-renewable 
and potentially harmful to the environment. Due to their ability to utilize glucose and 
oxygen abundant in blood, biofuel cells can be potentially implanted in a human body and 
power in vivo miniaturized devices such as pacemakers, hearing aids, insulin pumps, etc. 
This would be feasible since fuel, oxidant, and by-products of the catalytic reactions are 
harmless and often biologically endogenous.  
Furthermore, unlike in the case of non-renewable noble metal catalysts, scaling up 
the use of biological species in enzymatic or microbial cells yields in reduced production 
costs, while facilitating improved relative substrate turn over.  
Fig. 1.2 is a juxtaposition of the micro-scale enzyme-based biofuel cells with the 
existing batteries in terms of their specific energy density [6]. The benefits of 
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microcell/MEMS-based devices have been attributed to advanced microfabrication 
technologies capable of producing and packaging of layered structure systems, a key 
factor affecting the enhanced utilization of the fuel.  
 
 
 
 
Fig. 1.2. Graphical representation of the energy densities provided by traditional batteries 
and juxtaposed with enzymatic biofuel cell solutions [6]. 
 
A) Applications of fuel cells.  
 
Initial market opportunities for biofuel cells are most likely to be where there is a 
need for large amounts of energy and low power demands [7]. This is due to the ability of 
biofuel cells to achieve high efficiencies of fuel oxidation, reflected by substantial energy 
densities, but lower power densities due to inferior catalytic activity, as compared to metal 
catalysts of conventional fuel cells.  Biofuel cells can be employed as an in vivo power 
sources for implantable medical devices, such as pacemakers, micro-drug pumps, deep 
brain stimulators or integrated, disposable and subcutaneously introduced glucose 
monitoring sensor-transmitters [8]. An existing market where biofuel cells could be ideally 
suited to provide increased performance as a power supply is wireless sensor networks 
(WSN) [9]. Applications of WSN are ranging from residential home automation and 
commercial building developments to industrial monitoring, control and military use.  
Ability to utilize high energy density fuels such as variety of sugars and alcohols, 
which cannot be utilized by conventional metal catalysts, enables biofuel cells to address 
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markets and applications that traditional fuel cells cannot reach. Abundance of organic 
compounds in waste water, especially high concentrations of industrial by-products (e.g. 
cellulose, glycerol, ethanol) offers easily accessible and highly sustainable fuels for 
enzyme-based energy production. Enzymatic removal of the organic pollutants supports 
the conventional chemical systems and can form the basis of waste water treatment plants 
combined with the energy production from the biological matter present in sewage. 
 
1.1.2.   Microbial and enzymatic biofuel cells. 
 
Biofuel cells are a division of conventional fuel cells that employ the nature of 
enzyme catalysts to carry out biochemical reactions in order to provide electrical energy. 
Due to a broad diversity of biological species capable of utilizing a wide number of 
alternative fuel sources, these energy harvesting systems are of immense consideration as 
by their nature they are renewable, environmentally friendly and self-sustainable.  
Depending on the origin of the biocatalyst used, biofuel cells can be classified into 
three categories: enzymatic, microbial and mitochondrion based cells.  
Although mitochondria have been long considered the powerhouse of the cells, the 
concept of employing these cellular structures as biocatalysts for the energy conversion is 
relatively recent. The intermediate biofuel cell group employing organelles, has been 
reported by Arechederra and co-workers only in 2008 [10] and has not yet gained its 
complete attention. Nonetheless, a promising performance of these biological entities has 
been continually reported by Minteer et al. [10-12] with a potential insight into a number 
of new applications and alternative fuels [13]. 
In spite of the advantages of mitochondrion in the energy production scheme, the 
two most recurrently investigated power cells are still based on the catalytic activities of 
enzymes and whole microorganisms. Enzymatic biofuel cells (EBFC) are defined as 
systems, which employ specific enzyme molecules, isolated from their natural cellular 
environment and used for all or at least part of their operational strategy.  Microbial 
systems (MBFC) on the other hand utilize whole cells and the energy conversion is driven 
by the enzymes contained in their natural biological setting. Although MBFC are generally 
more efficient in overall fuel conversion, due to the presence of assorted enzyme contents, 
EBFC provide much higher current and power densities with respect to specific 
biochemical reactions. Complete multi-step breakdown of organic fuels into CO2 and H2O, 
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while naturally obtained by microbial cells, is also achievable in the purely enzymatic 
systems provided that an appropriate combination and cascading of catalysts have been 
employed [14, 15]. In this regards, EBFCs are of particular importance for the practical 
implementation in the efficient energy generation. 
Regardless of the source of the catalyst, the active component needs to be confined 
on the electrode surface in order to achieve sufficient electrical connection between the 
two half-cells.  
 
1.1.3. Advantages of enzymatic biofuel cells. 
 
Among all the novel nature - derived and biomimetic power sources, energy 
conversion based on electrochemical processes, has gained the highest consideration.  
Three major types of electrochemical systems for energy conversion include batteries, fuel 
cells and supercapacitors [2]. Although their energy storage and conversion mechanisms 
differ, certain electrochemical similarities in between remain.  
Since the majority of currently existing batteries and fuel cells require reactive and 
often corrosive or toxic elements with their size being controlled by a number of large 
components, the final dimensions are typically much larger than any sensor of functional 
analytical packaging (e.g. sensor-on-chip or lab-on-chip). In the light of this, a strategic 
need for miniature power sources integrated on disposable and implantable electronic 
subsystems exists for life sciences (e.g. biomedical), electronic or environmental 
applications [6]. 
Enzymatic biofuel cells are unique in comparison with their traditional energy 
harvesting ancestors (e.g. batteries) in a number of ways. Biofuel cells replace expensive 
precious metal catalysts with low cost, renewable enzymes for the catalysis of redox-
reactions [16], offering significant economic advantage over traditional fuel cells. The 
chemical reactions in these cells are driven by abundant bio-fuels and highly selective 
biological species, enabling the implementation of these enzyme powered devices in 
variety of diverse applications.  
 Environmentally ample substrates utilized by biofuel cells, such as alcohols and 
carbohydrates, are typically of high theoretical energy and, as such, can potentially 
provide substantial power outputs. As most of available fuels are biogenic, the 
consumption and production cycles are considered to be carbon neutral, self-sustainable 
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and hence unlimited in practice. These features offer great advantage over conventional 
cells, which are reliant on limited endogenic mass supply and frequently toxic catalysts, 
where the by-products of the conversion in some cases are environmental pollutants.   
The ability of biofuel cells to metabolize carbohydrates and molecular oxygen has 
been the driving force, which have sparked the idea of implantable power sources. The 
abundant presence of glucose and O2 in bodily fluids supported by excellent 
biocompatibility of often tissue-specific catalysts enables the implementation of enzymatic 
biofuel cells in a human body and their application as power sources for e.g. pacemakers. 
Wide range of available enzymes with diverse biological functions and high 
catalytic activities superior to that of platinum, allow the operation in various working 
conditions, at mild temperature (20 - 40ºC) and physiological pH. Substrate specificity 
eliminates the prerequisite for fuel purification enabling efficient conversion directly from 
the bulk solution without the risk of side-product formation. Furthermore, the ability of 
enzymes to catalyze very specific reactions, in general, disregards the existing expensive 
polymer electrolyte membranes and allows a ‘one-pot’ operation without the need to 
separate the anolyte and catholyte processes. Elimination of the separating element 
reduces the size of the cell and enables further miniaturization. 
Unlike microbial biofuel cells, enzyme-powered devices do not require nutrients or 
biomass acclimation and the electrochemical processes can be controlled in a more 
accurate manner. Moreover, the enzymatic BFCs generally produce higher power output 
densities and can be easier scaled down to a miniaturized format. Due to the natural rules 
governing the life cycle of any microorganism, microbial fuel cells require an initial 
transitory period, where the cells grow and adapt to the experimental conditions and 
applied electron transport scheme. As the enzymatic biofuel cells utilize purified 
biological catalysts, isolated from their respective cellular environment, these systems do 
not require any pre-conditioning and as a result exhibit much faster response to the 
external stimuli (e.g. substrate). 
In addition, with the current knowledge of material sciences and the availability of 
diverse polymer materials, components of the enzymatic biofuel cells can be fabricated 
from cheap and disposable plastic substrates, significantly reducing the manufacturing 
costs. 
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1.1.4. The operating principles of an enzyme driven 
biofuel cell. 
 
According to a broad definition by Bullen et al. [4], biofuel cells are characterized 
as “devices capable of directly transforming chemical to electrical energy via 
electrochemical reactions involving biochemical pathways.” Direct electrochemical 
conversion of species is highly desirable in the energy production scheme as it prevents 
thermodynamic limitations associated with the traditional combustion of fuels [17]. 
The operational principle of biofuel cells, in general, relies on a transformation of 
biochemical potential energy embedded in organic molecules into an electrical energy [6]. 
In the case of enzymatic biofuel cells, the process is carried out by two distinct catalysts, 
immobilized on the surface of metal or carbon electrodes, both of them possessing redox 
properties. In order to complete the reaction, the oxidation of fuel in the anodic 
compartment needs to be coupled with the reduction of the oxidant on the cathodic side of 
the cell. As the overall process incorporates two consecutive but dissimilar 
electrochemical steps, a pair of often unrelated biological species, catalysing the desired 
reactions needs to be employed.  The oxidation of a highly energetic fuel, occurring at the 
anode, supplies the cathode with electrons for the enzymatic reduction of a given oxidant 
[18]. 
While the redox reactions are electronically separated within the system in order to 
force the electron flow through an external circuit, the ions generated as a result of the 
substrate oxidation are free to diffuse across the anodic and cathodic compartments (Fig. 
1.3). Unrestricted ionic transfer within the cell maintains the overall charge balance and 
completes the electronic circuit [3].  
Enzymatic biofuel cells, which are the scope of this Ph.D. work, can utilize a wide 
range of catalysts, dependent on the substrates used (Tab. 1.1 & Tab. 1.2). 
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Fig. 1.3. Schematic of an enzymatic/microbial biofuel cell [17]. 
 
 
 
 
Tab. 1.1. List of oxidants and respective enzymes typically used for enzymatic biofuel cells. 
Required co-factors and half-cell reactions are also presented [18]. 
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Tab. 1.2. Summary of fuels and corresponding biological catalysts typically used for 
enzymatic biofuel cells together with their co-factors and half-cell reactions [18]. 
 
 
 
The most frequently employed anodic enzymes are mostly reliant on glucose 
(glucose oxidase [19-21], glucose dehydrogenase [22, 23], cellobiose dehydrogenase [24, 
25]) and ethanol (alcohol dehydrogenase) [26-29] with infrequent reports on lactate 
(lactate oxidase and dehydrogenase [15]) and glycerol (alcohol and aldehyde 
dehydrogenase [30]). A number of authors considered the use of even less common 
hydrogen (hydrogenase [31]) and various intermediates of the citric acid cycle (Krebs 
cycle) as anodic fuels for the oxidation half-reaction (pyruvate dehydrogenase, citrate 
synthase, fumarase and malate dehydrogenase [11, 15, 32]). The most common cathodic 
enzymes include laccase [33-35] and bilirubin oxidase [36-38] for electroreduction of 
molecular oxygen and a promising application of horseradish peroxidase [39] for H2O2 
conversion.  
In order to complete the oxidation/reduction cycle and collect the current generated 
as a result of the catalytic reactions, efficient electrical connection between the enzyme’s 
active center and the underlying electrode needs to be established. This can be obtained by 
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direct (DET) electron transfer, whereby the electrons are exchanged directly between the 
enzyme and the electrode surface or via mediated transport (MET), which requires small 
redox molecules capable of shuttling the electrons between the two (Fig. 1.4) 
 
 
Fig. 1.4. Direct (DET) and mediated (MET) electron transfer mechanisms between the 
catalyst and the electrode surface in enzymatic biofuel cells [3]. 
 
Considering that the catalytic center of most enzymes is  buried deeply in the 
cavities created by the 3D structures of these biomolecules, direct electron transfer is 
typically not feasible [40, 41] and an auxiliary species, which is enzyme specific, is 
required in order to achieve the electrical contact (MET) [42]. For instance, anodic 
oxidation of glucose by GOX often incorporates ferrocene monocarboxylic acid, 
ferrocenemethanol or pyrroquinoline quinone (PQQ) as e
-
 shuttling molecules [43]. 
Mediators are redox reagents, which facilitate the electron transfer between the active 
component and the electrode. The electrons generated as a result of the enzymatic fuel 
oxidation are conveyed to the mediator, reducing it to M1red.  Regeneration of the 
molecule to its initial oxidized state (M1ox) occurs at the anode, where the mediator 
releases the e
-
 for consecutive transport to the cathode (through the external circuit).  The 
cathodic mediator temporarily accepts the electrons (M2ox → M2red) before it shuttles 
them further to the enzyme for the electro-reduction of the oxidant. The coupled 
reduction/re-oxidation cycle relies on the ability of the redox mediator to diffuse between 
two enzymes, which impose certain constraints on maintaining the species in close 
proximity of both, the catalyst and the electrode surface (Fig. 1.5). 
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Fig. 1.5. Schematic of an electron transfer mechanism in a glucose/oxygen biofuel cell 
[44]. 
 
Despite the clear distinction between the direct and mediated electron mechanisms, 
certain systems utilizing a mixture of redox polymers, carbon nanotubes or non-diffusive 
mediators, which are confined along with the enzyme at the electrode vicinity, can be 
considered as both DET and MET. Some reported biofuel cell solutions have been 
categorized on the basis of materials and methods applied in the electrode preparation, 
with the most prominent being the apoenzyme approach or immobilization in redox 
polymers and in the presence of various nanostructure elements [45, 46]. 
The operating principle of a biofuel cell can be, in general, defined by a number of 
parameters with the short circuit, ISC (current at 0 V), the Open Circuit Potential (OCP) 
and the cell voltage (Ecell) being the prime determinants of the cell performance. In 
principle, the Ecell for a biofuel cell is independent of the current drawn and is understood 
as a difference in the thermodynamic potentials between the cathode and anode (ΔEc-Ea), 
known as the theoretical reversible cell voltage for the overall reaction. In practice, this 
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value is; however, reliant on a number of factors and can be significantly decreased due to 
the overpotential (Δη) related to the slow electron transfer at the electrodes, ohmic drop 
(∑Ω) reflected by the overall resistance of the system components e.g. membrane, 
supporting electrolyte and the electrode degradation and wear out effects,  as well as 
concentration losses (Δ£) [3]. In the steady-state condition, and provided spatially 
distributed reactants, the cell voltage can be approximated by Eq. 1.1.   
 
                                                                                                  
         
The ΔEc-Ea can be estimated from the Gibbs free energy change (ΔG) for the 
reactions occurring at the anode and cathode. 
In their comprehensive discussion, Clauwaert and co-workers [47] report three 
major losses which contribute to the overall overvoltage of the cell: activation 
overpotentials, ohmic losses and concentration related mass-transport overpotentials. 
Graphical representation of the potential losses in an operating cell is depicted in Fig. 1.6, 
adopted from a review by Osman [17]. As illustrated in Fig. 1.6, the activation or charge 
losses, which are associated with the energy barrier between the mediator/enzyme and the 
electrode couple, dominate typically at low current values. In principle, the activation 
losses can be effectively minimized by improving the electrode surface area or by 
optimizing the overall catalysis and the operating conditions, such as the temperature and 
the pH of the working buffers. An estimate value of the activation overpotentials can be in 
theory obtained provided that the reaction rates at the two electrodes are known (e.g. 
Butler-Volmer reaction). At higher current density, Ohmic losses (    occur. These are 
reliant on the ionic and electronic resistance to charge transport across numerous cellular 
components, including the contribution from electrical contacts, current collectors, 
electrodes, membranes and the interface in between them. The    can be calculated from 
Ohm’s law as a function of the resistivity    and the thickness    of each component i at a 
generated current density j (       ). While the resistivity of the solution can be reduced 
by altering its composition (without compromising the activity of the enzyme catalyst), the 
ohmic losses can be minimized by: implementing a higher conductance membrane, 
decreasing the gap between the electrodes and by establishing a good connection between 
the individual components [17]. Mass transfer losses, encountered at relatively high 
current densities (Fig. 1.6) are typically reflected by large concentration gradients, 
14 
 
dominating at the electrode/bulk interface. Component    is negligible in well-mixed 
solutions obtained by continuous stirring and recirculation or in air-breathing cathodes, 
promoting efficient diffusion of O2. 
 
Fig. 1.6. The cell voltage and the power output of an operating biofuel cell as a function of 
the current density. Typical losses of the cell voltage with the estimated range of the 
current density at which they occur [17]. 
The relationship between the actual and theoretical cell voltage depicted in Eq.1.1 
provides useful information about the enzymatic electrode. In general, wider 
thermodynamic potential windows (Ec - Ea), reflected by higher Open Circuit Potential 
(OCP, the cell voltage at zero-current) values, facilitate improved performance of the 
biofuel cell and as such have become one of the main determinants of the bioelectrodes 
composition. Biofuel cells with high OCP and overall reduced resistivity, providing higher 
current and power outputs, are hence the scope of contemporary research on commercial 
prototypes. 
As the prime function of any existing biofuel cell is energy generation, the 
essential parameter defining its performance is the power (P) that can be extracted from 
the device as a result of enzymatic reactions generating electrons. While the power output 
of the conventional fuel cells is in the orders of mW to kW, the enzymatic biofuel cells 
operate at much lower power values (µW-mW) and as such are suitable for 
microelectronic applications. 
Another critical measure of the biofuel cell operability is the coulombic efficiency, 
referred to as the ratio of coulombs produced as a result of the anodic fuel oxidation to the 
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hypothetical maximum of generated coulombs provided the complete substrate conversion 
(x 100 %) [48]. Reduced coulombic efficiency can be attributed to several factors, 
including: alternative reactions which do not lead to current production, mass build-up or 
fuel and oxidant cross-over, a phenomenon typically encountered in membrane-less 
configurations [47]. 
As the magnitude of the operating voltage is dictated by the potential difference at 
which the oxidation and reduction occur in the cell, the upper limit of the Ecell of the 
enzymatic biofuel cell is determined by the formal potentials of both catalysts and 
mediators (MET only). 
In mediated electron transfer, where additional redox species are required in order 
to facilitate the electron transport to/from the electrode surface, undesirable 
thermodynamic losses are recurrently encountered and need to be accounted for. This is 
due to the fact that the Emediator is typically shifted from that of the catalytic center (Eenzyme) 
to enable the electron exchange. Nevertheless, provided sufficiently large mediator 
concentrations, the current drawn in MET systems can be relatively high [49].  
 
1.1.5. Cell design and composition. 
 
Classical solution to enzymatic biofuel cell design relies on a two chamber 
configuration with a permselective membrane separating the areas of the anolyte and 
catholyte reactions. A pair of enzymes, capable of catalyzing the oxidation-reduction 
reactions is introduced in the vicinity of the electrodes in a form of a buffered suspension 
with the mediator or by co-immobilizing the species at the electrochemically active 
surface. Depending on the origin of the associated redox cofactor or the type of the 
electrical communication (direct or mediated), the oxidoreductase family can be 
subdivided into three main groups [50]. The first includes PQQ-dependent dehydrogenases 
(e.g. alcohol, glucose and glycerol dehydrogenase), which although are structurally 
dissimilar, all require multiple metal centers and the PQQ coenzyme  (Fig. 1.7) tightly 
attached to the enzyme active site [17]. 
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Fig. 1.7. Structure of the oxidized PQQ (left) and reduced PQQH2 (right) forms of the 
PQQ cofactor (from www.Examine.com). 
 
The second most prominent group consists of catalysts operating in the presence of 
diffusible and loosely bound nicotinamide adenine dinucleotide (NAD
+
/NADH) or its 
phosphorylated equivalent (NADP
+
/ NADPH), such as alcohol and glucose 
dehydrogenases. High mobility of the cofactor enables a certain time lag in the electron 
transfer to the electrode, particularly relevant in flow-through systems, when the catalytic 
center of the enzyme may no longer be available locally. In order to confine the protein 
within the electrode area by e.g. covalent attachment, a certain degree of flexibility must 
be retained to facilitate reversible movement of the cofactor between the enzyme and the 
acceptor of the electrons. Fig. 1.8 depicts the structures of the oxidized and reduced 
nicotinamide cofactors. 
 
Fig. 1.8. Structure of the oxidized (NAD
+
/NADP
+
) and reduced (NADH/NADPH) 
nicotinamide cofactors (from web.campbell.edu). 
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The third and the last group incorporates catalysts dependent on the redox 
properties of the flavin adenine di- (FAD/FADH2) and mononucleotide (FMN/FMNH2) as 
shown in Fig. 1.9. 
 
Fig. 1.9. Possible oxidation forms of flavin derived cofactors, FMN and FAD (from 
web.campbell.edu). 
 
 FAD and FMN redox cofactors are buried in the protein structure of the enzyme 
(e.g. GOX) preventing an easy access to the electrons. Although the redox potential of 
FAD at GOX’s catalytic site is negative in aqueous solutions and can, in principle, be 
successfully used for DET on the anode, systems employing the enzyme are typically 
based on mediated electron transfer or a mixed mechanism using nanostructure elements 
[51]. 
Conversely, the cathodes of biofuel cells usually incorporate multicopper oxidases, 
capable of a four-electron reduction of the oxidant (O2) to water. Typical examples include 
laccase [52, 53], bilirubin oxidase [54]. While the first requires slightly acidic 
environment, BOX exhibits the maximum operational activity in neutral or slightly 
alkaline solutions. Microperoxidase [55] and horseradish peroxidase [56] have also been 
used as cathodic enzymes. 
Numerous reports have suggested that the removal of the physical separator can 
significantly reduce the internal resistance simultaneously increasing the power and 
current outputs from the cell. In addition, the single compartment design can facilitate 
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device miniaturization and reduction of fabrication related costs, offering an attractive 
strategy in biofuel cell development.  Design simplification is possible due to the intrinsic 
selective nature of enzyme catalysts and diverse immobilization procedures, enabling 
stable encapsulation of species without compromising their biological activity. The 
membrane-less approach requires however a careful consideration, in order to minimize 
potentially low coulombic efficiencies, due to the fuel and oxidant cross-over effects.  
 
Enzyme immobilization techniques 
 
Since the vast majority of biological catalysts are only active for a limited period of 
time, when free in the solution (up to 7h), immobilization on the electrode surface 
prolongs their lifetime and operability and allow for a controlled orientation with respect 
to the electrochemical element. 
While the employed immobilization strategy depends strongly on a number of 
factors, the optimum technique relies, in general, on the individual properties of the 
incorporated species, their compatibility with the used matrix and the attachment method, 
the magnitude of the interaction with the support and the ultimate application. Regardless 
of the method used, the immobilized biomolecules need to be able to retain their native 
structure and biological activity and must not leach during the operation of the biofuel 
cells. 
The classical division of enzyme immobilization strategies into chemical and 
physical approaches is depicted in Fig. 1.10, obtained from a recent article published by 
Taher [57]. Adsorption of catalysts is the most common and straightforward 
immobilization method. It can be performed in mild conditions, by simple dropcoating of 
the liquid suspension of the enzyme. However, due to the weak bonds, the stability of 
adsorbed layer is rather poor and often results in desorption. Covalent bonding of 
molecules, while very robust and providing short response time; is, in general, an 
irreversible method, which can potentially produce random and non-uniform species 
orientation. Cross-linking, is an example of a chemical carrier-free immobilization 
method, which relies on the use of a secondary cross-linker molecule (e.g. 
glutaraldehyde). Although this technique is simple and provides improved stability of 
incorporated proteins, it is difficult to control and often results in large diffusional barriers, 
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leading to decreased activity of the catalysts. As stated by Hartmann and Jung [58], cross-
linking protocol can be a time-consuming and labor intensive procedure, which requires 
high purity of incorporated proteins. Physical encapsulation or entrapment of catalysts 
within a biocompatible matrix are one of the most recurrently employed immobilization 
methods as they enable incorporation of several diverse biomolecules within the same 
polymer or gel host. The prime disadvantage of the techniques is the potential diffusion 
barrier between the fuel and the catalytic center, possible leakage of the catalyst and the 
prerequisite of relatively high monomer concentrations. Additionally as the entrapment 
requires the polymerization step, the synthesis of the enzyme-polymer composite is 
restricted by the catalyst dependency on the temperature, pH and the tolerance to various 
solvents. Example of encapsulation is electropolymerization of species in sol-gel. 
 
 
 
 
 
Fig. 1.10.Traditional separation of enzyme immobilization methods into chemical and 
physical routes [57]. 
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The more contemporary approach to catalyst immobilization is reliant on the type 
of support used and as such distinguishes: binding to the electrode, cross-linking (support-
free method) and encapsulation (Fig. 1.11). 
 
Fig. 1.11.Current division of immobilization techniques based on origin of the support 
[58]. 
 
While each immobilization methodology, bears certain advantages and 
disadvantages, comparison of various techniques is often difficult, as the assessment of the 
method is typically made with respect to a free enzyme, not to alternative immobilization 
approaches [55].  The employed strategy needs to be therefore adapted to the individual 
properties of the biological species, the source of the carrier used and the ultimate, desired 
application. 
 
1.1.6. Review of the current state of knowledge. 
 
The amount of attention dedicated to enzymatic biofuel cells is growing very 
rapidly due to recent advances, which makes their practical applications even more 
promising.  The main strategic scheme relies on the design of biologically driven devices. 
This approach is capable of utilizing high concentrations of fuels and their complete 
oxidation to carbon dioxide, leading to significant increase of the cell energy density. In 
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this regards, miniaturized membrane-less, on-chip BFCs operating in physiological 
conditions for prolonged periods of time, are of particular interest. 
 
A) Historical account on the biofuel cell development. 
 
Ever since Galvani first discovered the connection between a twitching leg of a 
frog and the applied electrical current [59], the electrochemical connotation of many 
biological pathways have been extensively studied and applied in energy oriented 
research. It soon became apparent that since the electrical action can prompt a biological 
reaction, the opposite is, in many cases, also possible and the natural biochemical 
processes can generate electricity upon appropriate stimulation. This would indicate that, 
in principle, any energy rich biological material (e.g. lactose from cheese industry) can be 
employed as a fuel for a power source [60].  
The first fuel cell, commonly known as “Grove cell” was reported by Sir William 
R. Grove in 1839, who used a hydrogen anode and oxygen cathode in order to generate 
electrical current [61]. One of the earliest applications of the energy-harvesting properties 
of E.coli was demonstrated at the University of Durham, by Michael Cresse Potter in 1910 
[62]. The author showed that by placing a platinum electrode in a bacterial culture, a 
difference in potential could be recorded. The work by Potter was further continued by 
Cohen, at the University of Cambridge, whose research led to the development of what is 
known nowadays as microbial fuel cells. By connecting a number of half-cells in series, he 
was able to generate potentials as high as 35 Volts [63].  The true revolution in the biofuel 
cell development is however dated back to the fall of 1950s and the beginning of 1960s, 
when the USA government launched a space program, which employed microbial fuel 
cells as advanced tools for waste disposal treatment in space shuttles. The concept of 
microorganism based systems has been widely applied since the early 1970s [64, 65] and 
improved in 1980s, when several research groups suggested that electron transfer 
mediators can significantly ameliorate the power output [66-68]. Growing awareness of 
the toxicity and instability of certain redox species diverted the attention to mediator-less 
microbial biofuel cells, capable of direct electrical contact with the electrode.  Early 
generation of these devices emerged at the end of the 20
th
 century as a technology for 
waste water treatment and generation of electrical current [69, 70]. Microorganisms used 
for direct electrocatalysis (e.g. Shewanella, Geobacter, Rhodoferax) have been found to be 
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able to transfer the electrons directly through the cellular membrane with high coulombic 
efficiency and stability [71, 72].  
 
B) Evolution of enzymatic biofuel cells. 
 
The first account on an enzymatic biofuel cell, utilizing a stand-alone catalyst 
purified from its cellular medium, has been reported in 1964 by Yahiro and Kimble [73]. 
The authors employed glucose oxidase, alcohol dehydrogenase and amino acid oxidase in 
order to construct three different catalytic systems. When studied the performance of each 
cell, the highest open circuit potential of 350 mV has been recorded for GOX with the 
lowest output from alcohol dehydrogenase. The driving force behind this discovery was a 
prospective application of enzyme-driven cells as power sources for medical implants, 
capable of utilizing organic matter present in physiological fluids. Following their initial 
discovery, a continuous progress has been made towards the improvement of the power 
density, operational stability [74, 75] and life time of the enzyme catalysts. Since the 
energy derived from the enzymatic biofuel cells was still significantly lower than the 
requirements of typical commercial demands, emphasis on particular micro-applications  
(e.g. implantable medical devices [6]) has been considered instead. Additionally, due to 
the poor electron transfer efficiencies and low intrinsic stability of certain biological 
species, research interest in the late 1960s focused on the electrocatalytic properties of 
bare metallic electrodes in the enzyme-free biofuel oxidation. At that time, the majority of 
work investigated the use of platinum in the electrochemical conversion of glucose and 
other natural metabolites. Despite numerous attempts, the recurring inability of metals to 
complete the oxidation of biofuels along with electrode passivation problems occurring at 
low temperatures abolished further research in the area.  
After a few years of dormancy, the resurgence in the research activity on 
enzymatic biofuel cells has been made through investigation of methanol oxidation by 
alcohol dehydrogenase. The study continued until the end of 1990s and led to a 
revolutionary discovery by Palmore and Whitesides [76], who reported complete oxidation 
of MeOH to CO2 via a cascade of dehydrogenase enzymes: alcohol, formaldehyde and 
formate. Although the breakthrough did not spark further research on methanol 
specifically, the finding of Palmore and Whitesides, reinforced by later work by Adam 
Heller et al. on glucose oxidase bioanodes, revitalized the interest in the area of enzymatic 
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biofuel cells [77]. Heller’s variation of the methanol biofuel cell, which employed wiring 
the GOX to the anode through redox Os polymers, extended the operational time of the 
enzyme from 8 hours to up to 10 days as compared to the design proposed by Palmore. 
Following the initial promising results, Heller and co-workers directed their efforts 
towards the application of biofuel cells in the small electronic devices [78], demonstrating 
as the first authors that the enzymes immobilized on the anode and cathode can effectively 
operate in a compartment-less format [79]. 
One of the earliest functional enzymatic biofuel cells, which did not use glucose,  
utilized a pyrroloquinoline quinone (PQQ)-modified gold anode and a microperoxidase-11 
(MP-11)-functionalized gold cathode [55]. The cell operated based on 1,4-
dihydronicotinamide adenine nucleotide (NADH) and hydrogen peroxide, as respective 
anodic and cathodic fuel and oxidant.  While the electrode area was not indicated, the 
maximum electrical power extracted from the device was 8 µW at an external load of 3 
kΩ. 
A novel glucose/O2 biofuel cell was developed soon afterwards neglecting the 
separation between the electrode compartments. The catalytic system on the anode and 
cathode consisted of reconstituted enzyme monolayers, glucose oxidase and cytochrome c/ 
cytochrome oxidase couple. Further major advance in the design of enzyme driven devices 
was the fabrication of an electroswitchable and tunable biofuel cell based on biocatalysed 
oxidation of glucose  [80]. Implementation of a copper based polyacrylic acid polymer and 
its ability to change the conductivity depending on the redox state of Cu enabled 
controlled performance of the biofuel cell alternating between the ON and OFF modes. 
The authors did not specify the area of the electrode; however, a maximum power of 4.3 
µW was drawn from the cell at an external load of 1 kΩ. Similarly, an enzyme based 
biofuel cell with a pH-switchable oxygen electrode utilizing Boolean logic gates 
(AND/OR) was reported relatively recently by Hao and co-workers. Electrochemical 
activity of the cathode was reliant on the current pH value of the solution and hence 
regulated the magnitude of biochemical reactions occurring in the system [81].  
The use of genetically engineered protein catalysts has been first proposed and 
reported by Yuhashi and co-workers in 2005 [82]. The authors demonstrated a range of 
synthesized mutants of glucose dehydrogenase with stabilities and overall activity greatly 
exceeding the characteristics featured by wild-time enzyme. Interestingly, some of the 
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modified catalysts were capable of withstanding high operational temperatures of up to 70 
ºC. When the engineered GDHs were immobilized onto carbon anodes and combined with 
BOX/carbon cathodes, the power density extracted from the constructed biofuel cell was 
in the order of 17.6 µW cm-2. Although this value is comparable to the output obtained 
from the wild-type enzyme, the assembly was found to have an operating lifetime of up to 
152 h, which is six time longer than what can be achieved for an unmodified glucose 
dehydrogenase. 
In the early 2000s, Mano and co-workers reported a ground-breaking approach to 
implantable biofuel cell solution [79]. The authors demonstrated successful power 
generation from a living plant, driven by the simplicity of the employed method and the 
minimalistic design. The device was comprised of anodic glucose and cathodic bilirubin 
oxidases, electrically wired to the electrodes in a form of cross-linked electrostatic adducts 
with Os polymers (Fig. 1.12). 
 
Fig. 1.12. Structures of the anodic (left) and cathodic (right) Os polymers used by Mano to 
electrically wire GOX and BOX to the electrodes [79]. 
 
The constructed biofuel cell generated power density of an astonishing 430 µW 
cm
-2
 at an operating potential of 0.52 V, when inserted in a grape [79].  
One of the first microfluidic platforms for mediated glucose oxidation has been 
fabricated by Togo and co-workers at the Kyoto University [83]. The cell was composed 
25 
 
of a vitamin K3-modified poly-L-lysine polymer for the catalytic regeneration of NADH 
co-factor in the presence of an enzyme, diaphorase (Dp). PLL-VK3 and Dp were co-
immobilised on the surface of the anode and subsequently coated with NAD
+
-dependent 
glucose dehydrogenase (GDH). Addition of a carbon black (Ketjenblack, KB) into the 
PLL/VK3/Dp/GDH layer considerably extended the effective surface area of the electrode 
and consequentially improved the efficiency of biochemical conversions. The 
glucose/oxygen biofuel cell operated in flowing conditions, at a rate of 1 mL min
-1
, and 
reached a maximum power density of 32 µW cm
-2
 at 0.29 V when 5 mM glucose and 1 
mM NAD
+
 were present in the buffer (pH 7.0). The authors reported a 50 % decline in the 
power and current efficiencies following an 18 h continuous operation, presumably 
associated with the swelling of the enzymatic layer.  Fig. 1.13 illustrates the design of the 
microfluidic biofuel cell constructed by Togo et al. and comprised of a PDMS flow 
channel and a glass slide with patterned electrodes. 
 
Fig. 1.13. Schematic of the microfluidic cell employed by Togo [83]. 
 
Further advancement in the non-compartmentalized, miniaturized approach to the 
enzymatic biofuel cell design has been reported by Coman and co-workers [84]. The 
authors proposed a membrane-, mediator- and cofactor-less glucose and O2 utilizing cell, 
based on a direct bioelectrocatalysis by cellobiose dehydrogenase (CDH) and laccase as 
the anodic and cathodic enzymes, accordingly (Fig. 1.14).  
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Fig. 1.14. Membrane-, mediator- and cofactor-less enzymatic biofuel cell utilizing CDH 
and laccase, constructed by Coman and co-workers [84]. 
 
The open circuit potential of 0.73 V, the maximum power density of 5 µW cm-2 
obtained at 0.5 V cell voltage and an estimated half-life of more than 38 h have been 
demonstrated. 
A novel needle-based miniature enzymatic biofuel cell generating power from 
biofluids abundant in living organisms have been recently demonstrated by a group of 
Miyake [85]. The assembled device was composed of four needle anodes and an air-
breathing carbon based cathode for the electrochemical oxidation of fructose and the 
electroreduction of oxygen (Fig. 1.15). The maximum power of 26.5 μW (115 μW cm−2) 
has been extracted from the cell at a potential of 0.34 V, when operating in a raw grape. A 
light-emitting diode (LED), connected to the device, acted as an indicator of the sugar 
levels.   Although the power generated from the grape was lower than previously reported 
by Mano [79], the fuel cell exhibited prolonged operability and stability. The electrodes 
were further coated with a layer of 2-methacryloyloxyethyl phosphorylcholine (MPC)-
polymer, an anti-clotting agent, and implanted in a rabbit’s ear in order to study the power 
generated from blood glucose. 
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Fig. 1.15 (a) Schematic of a needle based enzymatic biofuel cell designed for power 
generation in living organisms; (b) Graphical representation of the biochemical oxidation 
of fructose and glucose at the needle anodes; (c) Diagram of O2 reduction at the enzymatic 
air-breathing cathode [85]. 
 
In the past few years, the unremitting attention and considerable efforts devoted to 
enzyme-driven power sources has brought the research on enzymatic biofuel cells into a 
new era of cutting-edge applications and ground-breaking design solutions. In 2012, Falk 
and co-workers [86] pioneered a three-dimensional, microscale enzymatic biofuel cell 
producing electrical energy from human lachrymal liquid (tears). The reported electronic 
contact lens was composed of gold nanostructured microelectrodes coated with cellobiose 
dehydrogenase and bilirubin oxidase as corresponding anodic and cathodic bioelements 
(Fig. 1.16). Although the constructed glucose/O2 biofuel cell feeding on human tears 
produced relatively low power density of 1 µW cm-2 at a cell voltage of 0.5 V, the 
operational half-time reached 20 h. 
a)                                                              b) 
c
)                                                              
28 
 
 
Fig. 1.16. Graphical representation of the electronic contact lens with internal biofuel 
cell, able to operate using glucose and oxygen present in human tears; reported in [86]. 
 
Simultaneously, a group led by Evgen Katz successfully demonstrated the potential 
of activating the electrical and electronic devices by employing the energy generated in 
living organisms. The authors reported construction of a biofuel cell integrated in batteries 
and operating in vivo in clams [87]. The electrodes of these devices were composed of 
compressed carbon nanotubes (CNTs) providing direct, mediator-less bioelectrocatalysis 
by anodic PQQ-glucose dehydrogenase and cathodic laccase. The “electrified” molluscs 
were able to produce sustainable energy from their physiological glucose and oxygen 
stores. Various battery configurations of unspecified surface areas generated power and 
current of up to 37 µW and 300 µA respectively. The clam-cells were connected to a 
capacitor, which upon charging to 240 mV, provided 28.8 mJ of accumulated electrical 
energy. 
A novel approach to the fabrication of miniature enzymatic cells has been lately 
proposed by Haneda and co-workers [88], who used nanoengineered carbon fabric sheets 
(CF) stacked with agarose film, in order to produce flexible and highly efficient biofuel 
cell. The constructed fructose/O2 device operated based on catalytic properties of fructose 
dehydrogenase (FDH) and bilirubin oxidase (BOX), as shown in Fig. 1.17. Modification 
of CF with multiwalled carbon nanotubes (MWCNTs for anode) and additional 
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application of Ketjenblack on carbon strips (cathode) yield approximately 2 mA cm
-2
 of 
current and 550 µW cm-2 of power densities, at a voltage of 0.4V. 
 
Fig. 1.17. Sheet-shaped fructose/O2 biofuel cell constructed from FDH and BOX modified 
carbon fabric electrodes [88]. 
 
In the past year, the concept of biofuel cell devices implanted in living organisms 
has gained new dimensions. With inevitable use of higher organized biological structures 
as “living batteries” the long anticipated application of enzymatic systems as 
biocompatible human implants will soon become tangible.  
Recent state-of-the-art work by MacVittie and co-workers [89] demonstrated 
enzyme-based biofuel cells operating in two biotic configurations, in a lobster and as an 
active component of a fluidic system mimicking the circulation of blood in humans (Fig. 
1.18). The cell employed PQQ-dependent glucose dehydrogenase for anodic oxidation of 
glucose and cathodic electroreduction of oxygen by laccase, immobilized on buckypaper 
conductive material. As reported by the authors, the operational voltage of the devices was 
1.2 V and the amount of energy generated from two lobsters with implanted biofuel cells 
arranged in series, was sufficient to power an electrical watch. The complex fluidic 
system, imitating human physiological conditions, was composed of five cells filled with 
human serum containing normal or pathological levels of glucose. Once connected in 
series, the biofuel cells generated electrical energy sufficient to power a pacemaker at a 
cell voltage of 3 V. While the lobster model demonstrates an enzymatic system with future 
30 
 
military and environmental monitoring purposes, the battery based on the serum illustrates 
palpable prospects for implantable medical devices harvesting the electricity from a 
human body. 
The evolution of the enzymatic biofuel cell research throughout the century, since 
their first appearance in 1911 is schematically illustrated in Fig. 1.19. As can be seen, the 
current direction in the biofuel cell development is strongly influenced by the recent 
advances in the area of nanotechnology. 
 
 
Fig. 1.18. (Left) A cartoon representing different wiring of the electrodes implanted in the 
lobster: single anode and cathode (A); double set of electrodes (B); the electrical current 
corresponding to scheme (B) and two pairs of biocatalytic electrodes connected in series 
and implanted into two different lobsters; (Right) The open pacemaker with removed 
battery (A) and the schematic of an experimental setup with five biofuel cells electrically 
connected in series and powering the pacemaker [89]. 
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Fig. 1.19. A diagram representing the natural progression of enzymatic biofuel cells 
according to [3].  
 
Tab.1.3 illustrates major landmarks in the development of enzymatic biofuel cells 
in the past decade. As indicated, rapid advancement of the materials and methods 
employed in enzymatic biofuel cells, gradually replaced conventional electrode substrates 
such as gold, platinum and carbon, with biocompatible conducting polymer hosts capable 
of efficient electron transfer. Furthermore, the continuous strive to improve the 
performance of the devices, has led to the enhanced implementation of numerous 
conductive mesoporous materials with high surface areas (e.g. nanoparticles, nanofibers, 
nanocomposite electrodes). One of the most recent advances in enzymatic biofuel cells is 
the application of single- and multi-walled carbon nanotubes, exhibiting excellent 
electrical properties. According to certain sources densely packed systems of enzyme and 
mediator catalysts biofunctionalized on the carbon-fiber electrodes retain biological 
activity and can lead to power densities of up to 1.69 mW cm
-2
 at 0.3 V [90]. With the 
evolution of the approach to enzymatic biofuel cell, prevailing use of traditional mediators 
has been gradually substituted by mediated electron transport between the enzyme and the 
electrode with the use of redox polymers and re-constituted catalysts. 
Tab. 1.3. Major developmental milestones for enzymatic biofuel cell research in the past 
decade [1]. 
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C) Innovative miniature biofuel cells. 
 
With the emerging demand for miniature power supplies for biomedical and 
electronic applications, micro-scale power systems employing biological catalysts have 
been under growing consideration for the past decade. The prime reason for the successful 
candidacy of implantable BFCs is the viable possibility of these devices to substitute 
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traditional batteries as long-term and self-sustainable power sources, which do not require 
frequent replacement. Since the successful application of energy-harvesting systems in 
biomedicine relies on their miniaturization potential, scaling down of the devices has been 
the main driving force in the contemporary biofuel cell research.  
With the current microfabrication technologies and expanding area of microfluidic 
studies, existing miniature biofuel cells offer significant advances over original design 
solutions, primarily due to large surface areas to volume ratio, fast response time, 
enhanced efficiencies and the ability to establish laminar flows. Photolithography, etching, 
polymer molding or metal deposition [91, 92], are only sample techniques commonly 
employed in small-scale manufacturing processes enabling the fabrication of highly 
efficient and long-term power sources operating in a micro-scale format. 
 
 Micro-scale enzymatic biofuel cells. 
 
The first functional miniature enzymatic biofuel cell utilizing glucose and O2 has 
been demonstrated by Chen and co-workers [77] in 2001. The device was comprised of 
two 7 µm in diameter and 2 cm long catalyst coated carbon fibers and operated at ambient 
temperature in an aqueous solution at pH 5.0. The reported electrode areas were 60 fold 
smaller than those of the smallest prevailing methanol fuel cell and 180 times reduced in 
size as compared to the minutest biofuel cell at the time. The recorded power density of 
the biofuel cell was 64 µW cm-2 and 137 µW cm-2 at 23 ºC and 37 ºC respectively. The 
observed dependence of the power density on the temperature reflects the thermodynamic 
behavior of the enzyme catalysts. These results indicated a 5 fold increase in the highest 
power density ever generated from an enzymatic biofuel cell, which is sufficient to operate 
small-power consuming CMOS. The following year, Mano et al. [93] developed a carbon 
fiber based micro-scale enzymatic biofuel cell working in physiological conditions. The 
assembly generated 0.9 J of electrical energy with 1.7 C of a passed charge during a week 
of a sustainable operation. Based on their initial success, the authors reported a successful 
development of a miniature single-compartment enzymatic biofuel cell utilizing glucose 
and oxygen extracted in vivo from a grape [79]. The cell produced 2.4 µW at 0.52 V, the 
amount of power required to operate low-voltage CMOS/SIMOX integrated circuits. The 
performance of the implant was later improved by increasing the operating voltage to 0.78 
V, at pH 5.0 and temperature of 37 ºC. In 2004, a group led by Soukharev [94] developed 
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a compartmentless glucose/O2 enzymatic biofuel cell incorporating an innovative cathode, 
functioning at 0.88 V, the highest cell voltage ever reported for a miniature fuel cell. 
Improved electron transfer properties have been achieved by cross-linking the laccase to 
the carbon cathode through a layer of hydrated and conducting hydrogel polymer. Later 
report on a micro-scale biofuel cell based on glucose and O2 by Li and co-workers [95] 
employed single walled carbon nanotube (SWCNT) coated carbon fiber microelectrodes 
with a power density of 58 µW cm-2 at a cell voltage of 0.4 V. 25 % and 50 % power 
decline have been recorded, following 24 h and 48 h continuous operation with an external 
1 MΩ load accordingly. 
In an effort to further miniaturize the cell, a number of research groups have 
demonstrated the use of versatile fabrication methods based on a carbon-micromechanical 
(C-MEMS) 3D technology.   
 
 Carbon-MEMS processing of microelectrodes. 
 
Since the current drawn from the cell is reliant on the active surface area, the 
electrode dimensions and patterning determine the overall power output. Classical two-
dimensional approach to electrode fabrication implies a system of planar anodes and 
cathodes, typically arranged in parallel and separated by a liquid electrolyte [1]. The C-
MEMS fabrication technology emerged in the area of enzymatic biofuel cells relatively 
recently as a process for manufacturing of carbon based devices with highly complex 3D 
microelectrode structures (Fig.1.20). 
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Fig.1.20. SEM micrographs of diverse carbon architectures obtained via C-MEMS [1]. 
 
A general diagram of the C-MEMS manufacturing technology is depicted in 
Fig.1.21. The process involves four subsequent fabrication steps:  photoresist coating, 
patterning and development and ultimately the conversion of the organic polymer 
(negative or positive resist) into a pyrolytic carbon [96]. The microelectromechanical 
technology developed originally for powering MEMS and small electronic devices 
provides high surface area 3D structures which have been successfully employed in the 
fabrication of electrodes for enzymatic biofuel cells [97]. 
The use of C-MEMS interdigitated electrodes have been reported lately by Song et 
al. [98] in their work on glucose/O2 powered enzymatic biofuel cell. According to a more 
recent report by Madou and co-workers [99], micropatterned carbon electrodes obtained 
using MEMS strategy, can be successfully functionalized with a catalytic multilayer of 
enzyme and amine linked redox species (Fig.1.22). Although the technique enables precise 
control of the feature dimensions, the essential pyrolytic step renders the electrode surface 
less responsive, thus requiring additional activation by e.g. reactive hydrogel layer [99].  
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Fig.1.21. Schematic of a typical C-MEMS process [1]. 
 
 
 
 
Fig.1.22. Illustration of the C-MEMS fabricated electrodes functionalized with a hydrogel 
layer of GOX and mediator species a) covalent attachment of the mediator to the 
electrode; b) mediator and the enzyme co-attached to the micropatterned carbon surface.  
 
A comprehensive discussion on the miniaturized enzymatic biofuel has been 
proposed by Yang et al. as part of the extensive review on biological and electrochemical 
fuel cells in general [100]. 
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1.1.7. Challenges associated with enzyme-driven cells. 
 
Despite the numerous advantages and potential applications of enzymatic biofuel 
cells, several key factors need to be considered in order to obtain a practical device. Since 
the vast majority of enzymes are proteins whose three-dimensional structure is sustained 
primarily by weak electrostatic interactions, hydrogen bonds and hydrophobic attraction, 
suitable chemical environment needs to be introduced in order to reinforce and maintain 
their catalytic functions. 
The main challenges in the development of enzyme-based systems are related to 
the longevity and activity of the protein catalysts, which although highly efficient and 
substrate-specific, exhibit rather limited life-time in the solution.  
The short life-span of the enzymes, which affects the long-term operability of the 
cell, is attributed to its reduced stability in the experimental environment. Diminished 
biological functions yield low electron exchange rates between the enzyme active center 
and the electrode surface and therefore result in small current and power densities, which 
are the prime shortcomings of various biofuel cell designs [101]. Numerous efforts have 
been made to address these limitations, in order to improve the performance of the cells 
[85, 102]. Although the inherent lifetime of the enzymes is in the order of few hours, 
stable immobilization of the catalyst and relevant storage conditions can significantly 
extend the longevity of the species [42]. As reported by Moore et al. [103], following the 
encapsulation of dehydrogenase enzyme in tetrabutylammonium bromide modified Nafion 
membrane, the half-life of the catalyst increased to over 45 days, while in its free form in 
solution the activity was only recorded for up to 8 h. While the confinement of the enzyme 
can, in principle, prolong its operability, certain materials and immobilization methods 
result in restricted electron transfer rates and limited enzyme loading.  
Sustainable electrical contact between the enzyme active center and the electrode is 
another fundamental requirement for successful bioelectrocatalysis and a critical point in 
the development of enzymatic biofuel cells. 
Recent advancement in nanobiocatalysis, offers the possibility to overcome these 
challenges by introducing a number of highly porous and multifunctional nanostructures 
as suitable hosts for enzyme immobilization. These include nano-particles, -tubes, -rods or 
mesoporous materials.  
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Ever recurring obstacles in the biofuel cell reactions are the mass transfer 
limitations associated with: 1) the diffusion of fuel or oxidant to the active center of the 
enzyme; 2) mediated (MET) or direct (DET) electron transport between the catalyst and 
the electrode and 3) proton exchange across the anolyte and catholyte compartments. As in 
traditional chemical fuel cells, high resistance of the working solution (or the individual 
device components) to the mass transfer produces a concentration gradient between the 
bulk and the site, where the catalysis occurs, typically at the electrode. The resultant built 
up of products`` slows down the enzymatic reaction and causes electrode polarization 
[101]. While the performance of porous materials is significantly limited in static 
environment, operation in flowing conditions should, in principle, facilitate the fuel turn-
over and prevent mass transfer limitations associated with small dimensions of the 
featured electrodes. Correspondingly, application of patterned designs or the introduction 
of mechanical stirring should alleviate these restrictions. 
Certain mediators employed in the electron transfer chain, such as osmium 
functionalized polymers, have been considered toxic and unsuitable for in vivo and on a 
large scale applications [6]. Osmium metals and compounds have been frequently used in 
the enzyme studies due to their excellent redox properties, good stability and rich 
chemistry. While Os itself has been reported rather harmless, in its compact tetroxide 
form, it is a strong oxidizer and is defined as ‘highly toxic’ in the USA and ‘very toxic’ 
according to the European Union legislation. 
Apart from the alleged toxicity of certain mediators, high molecular weight redox 
molecules often suffer from mass transfer limitations, in particular when incorporated as a 
part of polymer matrices. While the apparent diffusion coefficient of small size mediators 
is 10
-6
 ~ 10
-5
 cm
2
 s
-1
, the typical value for generic redox polymers is approximately 3 
orders of magnitude lower (10
-9
 ~ 10
-8
 cm
2
 s
-1
). This problem can be however alleviated 
through a careful design of the materials, for instance by increasing the length of the 
spacer between the redox center and the polymer backbone [104] or by grafting the active 
sites onto the polymer bulk. 
 
One of the major shortcomings in the development of enzymatic biofuel cells is the 
power density, typically measured as the amount of power generated by a single unit of 
the electrode surface area. Alternatively, the density can be given per volume or weight of 
the cell. As high enzyme loading will, in principle, yield in amplified current densities, the 
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corresponding power output from the device should also be increased. Since the majority 
of enzymes operate at potentials lower than 1 V and the upper limit of current density of 
0.2 mA cm
-2
, the maximum theoretical power that can be extracted from the cell is 
correspondingly lower than 0.2 mW cm
-2
 [101].These findings have been first suggested 
by Willner and co-workers in 1996 [105], who studied a randomly packed monolayer of 
reconstituted GOX immobilized on a surface of flat gold electrode. The maximum current 
density of a 0.2 mA cm
-2
 was calculated based on the enzyme loading of 1.7 x 10
-12 
mol 
cm
-2
 (determined by the physical size of the enzyme) and the assumption that all GOX 
molecules are active in the solution and exhibit a typical substrate turnover of 600 s
-1
. As 
glucose oxidase has been long considered one of the most efficient oxidoreductases, the 
estimated current and power output from other, less effective catalysts, is expected to be 
much lower [101].  
Recent efforts have been dedicated to improve the performance of the enzymatic 
electrodes by increasing the catalyst concentration in a number of ways. Several research 
groups [72, 106] have concurrently demonstrated that application of multiple enzyme 
layers not only facilitates enhanced species loading but also positively influences the 
performance of the biofuel cell in general, resulting in a two-fold increase in the power 
density as compared to the prevailing electrode designs.  
With emerging tools for nanostructured biocatalysis, gradual introduction of 
genetically engineered protein catalysts with improved properties and the discovery of 
novel bioactive species, solution to the aforementioned challenges can be soon envisaged. 
It has been foreseen, that with the current rate of the advancement in the energy harvesting 
technologies, continuously driven by economic and environmental applications, biofuel 
cell research will ultimately be able to meet the commercial demands. To support that 
statement, Naryanan and Valdez [107], suggested that biofuel cells generating powers of 
more than 1 mA cm
-2
 may have been already sufficient as cellular phone chargers. 
 
1.2. Objectives of the work. 
 
The prime incentive of this Ph.D. work was a growing demand for efficient and 
environmentally friendly micro-power sources capable of harvesting energy from the 
abundant organic matter present in the nature. Extensive research in the field of enzymatic 
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biofuel cells has led to a significant progress in the area; however, a number of limitations 
associated with prevailing solutions still exist. In addition to the main parameters defining 
the performance of any energy harvesting device, such as, the current and power 
efficiencies; the prime improvements are required with respect to considerable size and 
structural complexity of the fuel cell design, toxicity of certain reagents, poor stability and 
longevity of biological catalysts and limited operability of the devices. In order for the 
biofuel cells to meet the anticipated commercial applications, the associated shortcomings 
need to be resolved in an effective and cost-efficient manner. In this light, the 
development of innovative components and attractive electroanalytical methods for the 
construction of enzymatic biofuel cells with improved performances, were the driving 
force behind this research work.  
The feasibility of a biofuel cell functioning in a macroscopic configuration, 
reported by a number of authors and demonstrated experimentally in Chapter III, 
instigated the research towards its micro-scale equivalent. As such, prime efforts have 
been dedicated towards the development of miniaturized biofuel cell components which 
could ultimately be assembled in a microfluidic format and successfully operate in 
physiological or environmental samples.  
The investigation carried out as part of this Ph.D. work focused on three major 
aspects of the enzymatic biofuel cell research.  
Mathematical modelling has been employed in order to study the effects of various 
physical, catalytic and electrochemical parameters on the behaviour of the microscopic 
flow and the kinetics of the enzymatic reactions (Chapter IV). The purpose of the 
theoretical studies was to provide recommendation on the optimum design of the 
microfluidic channels and the electrode geometries, as well as the paramount operational 
conditions based on predicted catalytic and electrochemical behaviour of the cell.  
Majority of the prevailing biofuel cell models reported up to date offer limited 
architectural solutions and lack in the quality and reproducibility of fabricated devices. In 
this light, the recommendations obtained from the theoretical studies were further realised 
in the design of innovative microfluidic platforms for future enzymatic biofuel cells, using 
the state-of-the-art micro-manufacturing technologies, available at the Tyndall National 
Institute. The employed fabrication processes provided high precision of generated 
components, at a nano-scale accuracy, and enabled the use of cost-effective and disposable 
polymers. The additional investigation of various assembly approaches, offers a practical 
solution in the development of microfluidic devices for energy harvesting purposes. A 
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comprehensive description of the cell designs, the applied microfabrication processess and 
the electrochemical characterization of the in-house produced electrodes, are reported in 
Chapter V. The functionalization of the electrodes with robust and inert nanoporous gold 
structures, undertaken as part of Chapter V, suggested promising alternative to 
conventional surface methods and viable improvement in the fuel cell parameters, e.g. 
current and power efficiencies. 
The investigation of suitable host matrices and enzyme immobilization strategies, 
essential for the functionality of any biofuel cell is presented in Chapter VI. The most 
promising methods have been selected and the stable encapsulation and successful 
catalysis have been demonstrated for a number of biological species confined on both, 
commercial and in-house microfabricated electrodes. Preliminary characterization of 
miniature cells in static conditions provides prospective application of proposed 
fabrication and electrochemical solutions in a fluidic format. 
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CHAPTER II 
EXPERIMENTAL PROCEDURES 
Progress in science depends on new techniques, new discoveries, and new ideas, probably 
in that order. 
 
Sydney Brenner 
 
2.1.  Chemicals and Biological Reagents. 
 
All reagents used for the purpose of this thesis are listed in an alphabetical order in 
Tab. 2.1 and Tab. 2.2. All chemicals and biological species are of analytical grade (95 % 
at least) and were used without further purification. All solutions were prepared fresh prior 
to any experimental work using nano-pure water with a resistivity of 18.2 MΩ cm from 
ELGA Ltd.  
 
2.2. The electrochemical setup. 
 
All electrochemical measurements require a working set-up where the reaction can 
occur. The integral part of the electrochemical work station is an electrochemical cell with 
two or three electrodes. The cell is connected to a potentiostat which controls the potential 
applied to the working electrode and measures the current being produced as a result of an 
electrochemical reaction. In order to collect the data, the potentiostat is connected to a 
computer, which can operate the required electrochemical software. To reduce 
electromagnetic noise, which could potentially interfere with the results obtained, the 
electrochemical cell is predominatingly placed in a Faraday cage while the measurement is 
being taken (Fig.2.1). For the purpose of this research all electrochemical studies were 
performed using a CH Instrument Potentiostat hardware version CHI 660B or CHI 620B 
(IJ Cambria, Burry Port, Wales, UK). 
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Tab. 2.1. List of chemical reagents and their suppliers. 
Chemical reagent Supplier CAS No. 
ABTS [2, 2'-azino-bis (3-
ethylbenzothiazoline-6-sulphonic acid)] 
Sigma-Aldrich   30931-67-0 
Acetone Sigma-Aldrich 67-64-1 
D-(+)-Glucose,  ≥ 95 % Sigma-Aldrich 50-99-7 
D-Sorbitol, 98 % Sigma-Aldrich 50-70-4 
Chitosan, medium molecular weight Sigma-Aldrich 9012-76-4 
Ethanol Sigma-Aldrich 67-17-5 
FDM [ 1,1- Ferrocene dimethanol ] Sigma-Aldrich 1291-48-1 
FCA [Ferrocene monocarboxylic acid] Fluka 1271-42-7 
GPS [ 3-(Glycidyloxypropyl) 
trimethoxysilane ], 98 % 
Sigma-Aldrich   2530-83-8 
Heptane, anhydrous, 99 % Sigma-Aldrich   142-82-5 
Isopropyl alcohol,  ≥ 99.7 % Sigma-Aldrich   67-63-0 
Methanol Sigma-Aldrich   67-63-0 
MPTMS [(3-Mercaptopropyl) 
trimethoxysilane], 95 % 
Sigma-Aldrich   4420-74-0 
NAD
+
 [β - Nicotinamide Adenine 
Dinucleotide] 
Sigma-Aldrich   53-84-9 
Nitric acid, 70 % Sigma-Aldrich   7697-37-2 
o-Phenylenediamine Sigma-Aldrich   95-54-5 
PBS [Phosphate Buffered Saline] Sigma-Aldrich   - 
PDDA [Poly (diallyldimethylammonium 
chloride)] 
Sigma-Aldrich   26062-79-3 
PDMS [Polydimethylsiloxane] 
Sylgard®184 Silicon elastomer kit 
Dow Corning 8050-81-5 
PEI [Polyethyleneimine] Fluka   9002-98-6 
Potassium chloride Sigma-Aldrich   7447-40-7 
Potassium dicyanoaurate (I) Sigma-Aldrich   13967-50-5 
Potassium dicyanoargentate Sigma-Aldrich   506-61-6 
Potassium ferricyanide (III) Sigma-Aldrich 13746-66-2 
Prime coat adhesive (92-023) Ellsworth Adhesives - 
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Ltd/Dow Corning 
Prussian Blue [Iron(III) ferrocyanide] Sigma-Aldrich   14038-43-8 
Sodium hydroxide Fluka   1310-73-2 
Sodium L-lactate  Sigma-Aldrich   867-56-1 
Sodium phosphate dibasic,  ≥ 99 % Sigma-Aldrich   7558-79-4 
Sodium phosphate monobasic, ≥ 99 % Sigma-Aldrich   7558-80-7 
Sodium sulphate  Fluka/Riedel-de-Haёn   7757-82-6 
Sulfuric acid, 95-98 % Sigma-Aldrich   7664-93-9 
TEOS [Tetraethyl orthosilicate], 
 ≥ 99 % 
Alfa Aesar   78-10-4 
TMOS [Tetramethyl orthosilicate], 98% Alfa Aesar   681-84-5 
Tris [Tris (hydroxymethyl) 
aminomethane ], ≥ 99.8 % 
Sigma- Aldrich   77-86-1 
 
 
 
Tab. 2.2. List of enzymes and their suppliers. 
Biological species Supplier CAS No. 
Bilirubin oxidase from Myrothecium 
verrucaria 
Sigma-Aldrich   80619-01-8 
Diaphorase from Bacillus 
stearothermophilus 
Unitika   - 
D-Sorbitol dehydrogenase from 
Gluconobacter oxydans 
Amano Enzyme Inc.   - 
Glucose oxidase from Aspergillus niger Genzyme - 
Laccase from Trametes versicolor Sigma-Aldrich 80497-15-3 
Lactate oxidase from Pediococcus sp. Sigma-Aldrich 9028-72-2 
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Fig. 2.1. Experimental set-up for the electrochemical measurements. 
 
In general, we can distinguish two types of electrochemical cells: electrolytic and 
galvanic. Any devices, which convert chemical energy into electrical energy such as 
biofuel cells, are considered to be galvanic cells and these are the research scope of this 
Ph.D. dissertation. In this type of devices the enzymatic reaction in a half-cell is carried 
out by protein catalysts as soon as the relevant potential is applied to the electrode (as 
described in Appendix A). 
The electrochemical measurements, unless stated otherwise, were conducted using 
a standard three-electrode system comprised of working (WE), also known as the 
indicator electrode; counter (CE) and reference (RE) electrodes. Each of the electrodes 
plays a particular role in the electrochemical cell. The electrochemical reaction 
accompanied by the corresponding WE current takes place at the interface between the 
working electrode and the supporting electrolyte, while the CE  supplies the electrons to 
the reaction at the working electrode. The RE provides a stable electrochemical potential 
used as a reference level for the application of the stimulation potential to the WE.  
A three-electrode cell set up is by far the most common system used in 
electrochemistry. As shown in Fig. 2.2, the current flows between the WE and CE, while 
the potential difference is applied between the working and reference electrode and set to 
be equal to the value specified by the user. This configuration allows the potential across 
the electrochemical interface at the WE to be controlled with respect to the RE. Due to the 
Faraday cage 
Electrochemical 
cell 
Potentiostat 
Computer 
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physical separation of the WE and RE in solution, some ohmic losses exist 
(Uncompensated resistance). These can be partially compensated for by using a capillary 
that brings the two electrodes close together. Since miniscule current flows into the 
reference electrode, a very small voltage drop across the capillary is generated, fixing the 
potential at the end of it to a value, which is very close to the actual potential of the RE. 
 
Fig. 2.2. Diagrams representing the three- electrode electrochemical system. 
 
Two-electrode cells are often used to measure small current values, when the 
simplification of the set-up is a key factor. Here, the counter and reference electrodes are 
usually merged together, Fig. 2.3 [1]. 
Potential across the cell involves the contributions from the interface between the 
counter electrode and the electrolyte as well as from the electrolyte itself. The two 
electrode configuration is often employed when one is interested in the behavior of the cell 
as a whole and when a precise control of the potential across the WE is not crucial. Two-
electrode system is frequently employed in the energy harvesting and storing devices, such 
as, batteries and fuel cells. Additionally, this configuration is also widely used in 
electrochemical impedance measurements at frequencies higher than 100 kHz [1] 
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Fig. 2.3. Diagrams representing the two-electrode electrochemical system. 
 
Working electrodes by definition can be metals or semiconductors and they can 
exist in a solid or liquid form. The same concerns the counter and reference electrodes; 
however, these need to be chemically inert and must not interfere with the reactions 
occurring at the working electrode.   
 
Working Electrode 
 
The working electrode is the interface at which the reaction of interest occurs in 
the electrochemical cell. In bioelectrochemistry, it is usually the reduction or oxidation of 
biological species being studied.  Depending on the application, a variety of metal and 
carbon based materials are used as working electrodes provided that they are conductive, 
chemically stable and reactive towards the species analyzed. Common working electrodes 
consist of noble metals (gold or platinum) or carbon materials (glassy carbon, graphite, 
carbon paste). The size and the shape of the working electrodes also vary and they depend 
greatly on the particular application. For many decades commercial macro size disc/probe 
shaped electrodes, often coated with a blanket of an insulating epoxy, have been 
predominating in electrochemical studies. With the recent trend towards device 
miniaturization and emerging novel applications a new era of microfabricated (screen 
printing, soft lithography etc.) electrodes has arisen in the electroanalytic measurements in 
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the past years. New generation of electrodes provides increased sensitivity to the 
electroactive species under investigation and improved electron transfer properties, 
making them ideal candidates to study the electrochemistry of biomolecules, in particular 
enzymes and cells. Commercial disc electrodes are; however, a point of reference when 
studying the behavior of unknown species. They are still frequently used for standard 
electrochemical protocols, as well characterized and with a highly reproducible response. 
A variety of commercial macro electrodes were used for the purpose of this research. The 
majority of results presented in the following chapters were obtained using three types of 
working disc electrodes: gold (Au), platinum (Pt) and glassy carbon (GC). The diameter of 
gold and platinum was 2 mm and the glassy carbon – 5 mm, resulting in the electrode 
surface areas of 7.07 x 10-2 cm2 and 19.64 x 10-2 cm2 respectively. 
Electrodes microfabricated in due course of this PhD research were obtained by 
electroplating a thin layer of Au and Pt (100 nm thick) as anodes and cathodes for the 
biofuel cell respectively. The underlying titanium coating (20 nm thick) acted as an 
adhesive for the prevailing metal.  A number of electrode layouts with various size and 
electrode numbers were investigated in the study. Micro-electrodes were then 
appropriately modified with enzyme containing polymer based films and gold 
nanostructures (NPG). 
 
Reference electrode (RE) 
 
The potential of the working electrode is always given with respect to the 
reference, implying that the transfer of electrons within the WE is observed or controlled 
within a specified range. The reference electrode has a constant make up and a fixed and 
well-known potential that should not vary with the potential applied to the working 
electrode. An ideal reference maintains a constant potential regardless of whether it 
operates as the anode or cathode and irrespective of the current that is driven through the 
cell. This means that any fluctuations in the electrochemical cell correspond to the changes 
at the working electrode only. To fulfill these requirements the RE must provide a constant 
supply of all the species involved in the reference electrode reaction with their activity 
being constant at all times. The reference electrode must also be chemically stable, robust 
and unaffected by the evaporation processes that may occur when used discontinuously. 
High stability of the reference electrode is usually achieved by a redox system (buffered or 
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saturated) composed of constant concentrations of all species involved in the reference 
reactions. 
For the purpose of this research Ag|AgCl|KCl, 3M KCl (CH Instruments, IJ 
Cambria, Burry Port, Wales, UK) was used as RE (Fig. 2.4). 
Fig. 2.4. Schematic of a reference electrode (from www.ijcambria.com). 
 
The electrode is comprised of a silver wire covered in AgCl and immersed in a 3 M KCl 
solution confined in glass tubing. The bottom end of the electrode is sealed with porous 
glass cap that provides the contact point with the solution during the electrochemical 
measurement. 
The Ag|AgCl|KCl reference electrode half-reaction is given by Eq. 2.1 and it 
generates a potential of E
0
 = 0.22 V vs. the standard hydrogen electrode. 
 
                                                                                       
 
 Counter electrode (CE) 
 
Counter is the electrode that is used to close the current circuit in an 
electrochemical cell. In the three-electrode set up the auxiliary electrode provides the 
current necessary for the reaction at the working electrode to take place. By applying more 
negative potentials to the working electrode, the energy of electrons raises resulting in a 
flow of electrical charge from the electrode to solution, provided by the counter as so 
called reductive current. Likewise, imposing more positive potential will cause the flow of 
electrons from the solution towards the electrode, giving rise to an oxidative current [1]. 
The critical potentials at which these processes occur are dependent on the formal 
potentials (E
0
) of the electroactive species and are very important when studying the 
electrochemistry of enzyme modified electrodes. CE also minimizes the impact of any 
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inaccuracies that can arise from the cell resistance when controlling the potential. In the 
process of choosing the CE it is important to take into consideration the fact that some 
electrodes electrolyze in the solution forming products that can potentially interfere with 
the electrochemical processes under investigation. Nevertheless, the electrochemical 
properties of the majority of counter electrodes usually have little or no influence on the 
behavior of the working electrode and as such the CE can in most instances be of any 
source desired. One existing requirement for the CE is that the surface area of the counter 
has to be significantly greater than the working electrode counterpart in order to prevent 
the kinetic limitations of the reaction at the WE. In voltammetric studies the counter 
electrode is typically made of an inert material such as Pt (wire, mesh or a coil), Au or 
carbon and usually does not participate in the electrochemical reaction itself. The counter 
electrode used in this study is a Pt coil, also from CH Instruments (IJ Cambria, Burry Port, 
Wales, UK). Commercial electrodes used in this study are pictured in Fig. 2.5. 
 
Fig. 2.5. Disc gold, platinum and glassy carbon working electrodes, Ag/AgCl (in 3 M KCl 
internal electrolyte) reference and platinum coil counter used for electrochemical studies. 
 
 
 
 
 
 
 
 
Pt coil 
counter 
Ag/AgCl 
reference 
Working Au,  
Pt and GCE 
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2.3. Instrumentation. 
 
The cleaning of microfabricated electrodes was performed using oxygen plasma 
asher (Harrick Plasma, New York, USA). Surface properties of bare and thin film 
modified electrodes were investigated through contact angle measurements using 
DataPhysics Contact Angle System OCA Instruments (Germany). Visual characterization 
of the samples was carried out by scanning electron microscope (Quanta 650 FEG, FEI, 
Oregon USA) and a high-resolution optical microscope (Nikon America Inc.). Features 
hot-embossed in Zeonor were investigated using SEM and Tencor measurements (Tencor 
Alphastep 200 system, CAE, USA). The preliminary experiments in flowing conditions 
were performed using a syringe pump (KD Scientific, USA). Homogeneity of samples and 
solutions was obtained using a sonicator (UltraWave, UK). Buffered substrate and 
mediator solutions were pre-warmed in a Heareas oven (Cruinn Diagnostics Ltd, Dublin, 
Ireland) to a desirable temperature prior to any measurements of catalytic activity of the 
enzymes used.  
 
2.4. Glassware, chemical compounds and biological reagents. 
 
Glassware was thoroughly washed with Dekon 90 (Decon Laboratories Ltd., East 
Essex, UK), rinsed with copious amounts of de-ionized water and small amounts of IPA 
following which they were dried under the stream of nitrogen. 
Pt coil electrode was cleaned by immersing it in 70 % nitric acid overnight prior to 
any measurement. 
Chemicals used for this study were purchased from the following suppliers: Sigma-
Aldrich/Fluka (Ireland, Ltd Dublin), Alfa Aesar GmbH & Co KG (Karlsruhe, Germany) 
and Ellsworth Adhesives Ltd (Germany). Enzyme catalysts were obtained from Genzyme 
(Ireland, Ltd Waterford) and Sigma-Aldrich (Ireland, Ltd Dublin. D-Sorbitol 
dehydrogenase from Gluconobacter oxydans was kindly donated by the Amano Enzyme 
Inc. (Japan). All enzymes and cofactors were used without further purification.  
Zeonor chips (1 mm thickness, 100 piece packaging) were purchased from the 
microfluidic ChipShop GmbH (Jena, Germany). 
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Phosphate and acetate buffers were prepared on a monthly basis using appropriate 
salt and acid solutions in DI in respective v/v ratio. Buffers were autoclaved and stored at 
4 ºC while not in use.  
Solutions for the modification of the electrode surface and samples containing 
substrates and mediators for the enzymes were prepared fresh before any measurement 
and electrode functionalization.  
Sterile autoclaved tips, disposable Eppendorfs and plastic containers were used 
when preparing enzyme solutions.  
 
2.5. Electrode cleaning procedures. 
 
Electrode cleaning is a crucial procedure which should be performed prior to any 
electrochemical measurements, in particular when working on the surface modification of 
the electrode material. In general, most cleaning protocols involve multiple consecutive 
mechanical and electrochemical steps to ascertain complete removal of contaminants of 
any source (organic and inorganic). Mechanical cleaning relies on polishing the electrode 
surface with either diamond paste or alumina powder suspended in water. Solid metal or 
carbon based electrodes, where the active electrode component is contained in a non-metal 
coating (e.g. disc electrodes) are resilient to physical damage during the mechanical step. 
The electrodes with thin layers of metals, fabricated in-house by deposition techniques, 
cannot be however cleaned mechanically. Depending on the robustness of the electrodes, 
often determined by the thickness of the metal and the underlying adhesive layers, 
electrochemical cleaning or oxygen plasma treatment may need to be applied exclusively.  
 
Electrochemical cleaning 
 
Wet, electrochemical treatments typically employ the use of H2SO4 either in a form 
of a mixture with H2O2 (Piranha solution) or by electrochemical potential cycling in 1 M 
acid solutions. Piranha solution is a highly corrosive and strong oxidizing agent and is 
used only routinely when other less aggressive cleaning methods fail. Piranha is employed 
frequently to clean microelectrodes as it successfully removes most organic residues at a 
nano scale and hydroxylates the surface making it more hydrophilic. Electrochemical 
cleaning in H2SO4 is performed by cycling the electrode potential over a range of values at 
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a fixed scan rate, until repeatable voltammograms are obtained (usually 100–200 cycles). 
Cleaning of Au surfaces typically requires a potential of 0.4 V to 1.6 V vs. Ag/AgCl to be 
applied to the electrode, while the potential window for Pt is not as broad (-0.2 V to 1.3 V 
vs. Ag/AgCl). 
 
Plasma treatment 
 
A mild alternative to acid treatment is plasma cleaning. Plasma is a partially 
ionized gas composed of ions, radicals and neutral molecules that removes organic 
impurities and contaminants from the material surface and introduces additional polar 
groups improving its hydrophilic properties. Unlike Piranha it does not employ strong 
oxidizing chemicals. The joint cleaning agent in this case is a UV light generated in the 
plasma and reactive oxygen species. The UV breaks down organic contaminants and Low 
Molecular Weight Molecules (LMWM), which in turn bind to oxygen generating water 
and CO2. Plasma treatment leaves the surface “grafted” with polar functional groups that 
can be functionalized with various reactive species in the surface modification step (Fig. 
2.6).  
 
Fig. 2.6.General schematic of a plasma cleaning process. 
 
Whether or not the plasma treatment has been successful can be further assessed by 
contact angle measurements. Compared to traditional wet methods, plasma offers an 
attractive alternative to time consuming and labor intensive cleaning procedures (Tab. 
2.3).  
OH 
OH 
O
.
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ADSORBED 
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RESIDUES 
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Tab. 2.3. Comparison of plasma cleaning and wet chemical cleaning. 
Plasma Cleaning Wet Chemical Cleaning 
Process controlled by adjusting the 
power, pressure, gas type, cleaning 
time 
Processes dependent on the nature of 
chemical reagents, their concentration, 
potential applied, processing time 
Majority of gases used for plasma 
generation are non-toxic 
Most of the inorganic acids and organic 
solvents are harmful and pose danger 
User friendly, no special training 
required 
Require experience in handling the 
chemicals 
In successful cleaning no organic 
residues remain 
Organic contaminants may exist which 
may require further cleaning steps 
No waste as gaseous by-products are 
harmless 
Large volumes of liquid organic waste 
requiring specialized treatment and a 
subject to safety regulations 
 
Plasma treatment improves the wettability and hydrophilic properties of the surface 
under investigation, therefore can be used as a bonding technique for variety of materials 
(e.g. PDMS, glass). The role of plasma activation in the substrate assembly has been 
discussed in Chapter V. 
 
2.5.1. Cleaning protocol for commercial disc electrodes. 
 
For the purpose of this research, cleaning of all disc electrodes involved polishing 
with alumina powder of decreasing particle size (1 µm; 0.3 µm; 0.05 µm), followed by 
sonication in a 1:1 mixture (v/v) of absolute EtOH and DI water to remove any remaining 
alumina powder. This procedure was repeated twice and the electrodes were rinsed with 
DI water and dried in a stream of nitrogen.  Following the initial polishing step, electrodes 
were exposed to oxygen plasma (power set to high, pressure of approximately 900 
milliTorr) for a period of 20 min after which they were carefully rinsed with DI water and 
IPA alternately. The final cleaning step involved potential cycling in 1 M sulfuric acid 
until a stable response was obtained.  As for most electrochemical measurements, the 
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treated electrode was used as the working electrode and platinum coil was the counter. All 
polarization plots are given with respect to Ag/AgCl as the reference. Potential ranges for 
cleaning of gold and platinum were as follows: 0.4 V and 1.6 V for Au and -0.2 V to 1.3 V 
for Pt. 
 
2.5.2. Cleaning procedure for electrodes microfabricated on 
Zeonor. 
 
Electrodes on Zeonor substrates were fabricated by metal deposition and for that 
reason they were not suitable for mechanical polishing as each cleaning cycle can induce 
thin films of metal to peel off damaging the electrode. Au and Pt electrodes on polymer 
were first cleaned in the oxygen plasma at high power and approximately 900 milliTorr of 
pressure. Plasma treatment was repeated three times, following each cycle the electrode 
was rinsed with copious amounts of DI and IPA and dried in a stream of nitrogen. 
Electrodes were then cleaned electrochemically in 1 M H2SO4 for a period of 
approximately 3 h. 
 
2.6. Electrochemical measurements. 
 
Electrochemical studies were conducted in a cell placed in a Faraday cage and 
connected to a potentiostat. The Faraday cage is an important part of an electrochemical 
set up as it minimizes electromagnetic noise that could potentially interfere with the 
measurement. The electronic hardware was connected to a personal computer via external 
interface, enabling a complete control over the parameters applied in the study. Depending 
on the application a two- or a three-electrode configuration has been used, in each the 
electrodes were connected to the potentiostat with the aid of “crocodile clips”. 
Fig. 2.7 and Fig. 2.8 illustrate a typical set-up employed during the electroanalysis 
with three- and two-electrode systems, respectively. 
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Fig. 2.7. Schematic representing the three-electrode set-up composed of the 
electrochemical cell, potentiostat and personalized computer. 
 
Fig. 2.8. Graphical representation of the two-electrode configuration composed of the 
electrochemical cell, potentiostat and personalized computer. 
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The surface modification and the electrochemical characterization of the electrodes 
on Zeonor substrates alone were performed using a custom-made holder, depicted in Fig. 
2.9, fabricated in the Mechanical Workshop at the University of Lorraine in Nancy, 
France. 
 
Fig. 2.9. Holder used for the modification and electrochemical testing of microfabricated 
electrodes.  
 
The holder is comprised of two main components separated by a water tight insert 
and held in place by metal screws. The design includes a bottom compartment 
accommodating the microfluidic chip with electrodes and a pocket for connectors, as well 
as a top part containing a solution chamber.  
The experiments with assembled microfluidic devices, conducted mainly in static 
conditions, employed a microfluidic holder, depicted in Fig. 2.10. The clamp was 
comprised of a bottom unit accommodating the electrodes patterned in Zeonor and the top 
part bearing the channel.  
Pocket for Zeonor 
substrate with electrodes 
and a circular chamber 
for solution studied 
Pocket for 
connectors e.g. 
crocodile clips 
Silicon insert to 
seal the liquid off 
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Fig. 2.10.Fabricated microfluidic holder for electrochemical measurements of electrodes 
on a chip intended for static and flowing conditions. 
 
2.7. Material choice for the electrode and channel substrates. 
 
Indium thin oxide (ITO) has been initially considered as the material of choice for 
the electrode compartments. Nevertheless preliminary studies with ITO indicated a 
significant loss of the material integrity and electrical properties during the metal 
evaporation step. This has been attributed to incompatible thermal conditions in the 
reaction chamber, caused by severe overheating. In this view, ITO was substituted with 
gold and platinum. Cyclo-Olefin-Polymer (COP), Zeonor, was selected as the support 
material for the fabrication of the electrodes, predominantly due to its suitable 
physicochemical and mechanical properties [2]. Polydimethylsiloxane (PDMS) was 
employed as the source substrate for the channel patterning, as described in Chapter V. 
 
 
 
 
Pocket for connectors  
e.g. crocodile clips 
Pocket for Zeonor electrodes 
Pocket for the channels 
Alignment  
features 
Opening for inlet  
and outlet flows 
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2.8. Microfabrication of gold and platinum electrodes. 
 
Gold anodes and platinum cathodes have been microfabricated in the Central 
Fabrication Facility (CFF) at the Tyndall National Institute, according to the processes 
described in Chapter V. The electrodes were prepared by a UV-photolithographic lift-off 
technique during which the metals were patterned onto a Zeonor substrate. A thin coating 
(20 nm) of titanium has been applied as an adhesive layer, in order to obtain high quality 
adherence of Au and Pt to the polymer. For gold anodes, a layer of Pt was additionally 
incorporated in between Ti and Au, preventing the diffusion of Au towards the adhesive. 
Gold and platinum were deposited in two separate lithographic steps; therefore two 
individual photomasks were required. The thickness of Au and Pt layers was 100 nm. The 
considered electrode designs and the corresponding microfabrication process are discussed 
in detail in Chapter V. 
 
2.8.1 Preparation of the masks for the electrode patterning. 
 
Chrome-on-Glass (COG) masks for the microfabrication of gold and platinum 
electrodes (Fig. 2.11) were designed in the Central Fabrication Facility of the Tyndall 
National Institute using Mentor Graphics IC Station software. Manufacturing of the COG 
masters was carried out by Compugraphics Intl. Ltd (Scotland). Detail protocol for the 
preparation of COG masks can be found in Appendix C.  
 
2.8.2. Microfabrication of gold and platinum electrodes. 
 
Deposition of gold anodes and platinum cathodes was performed in two 
consecutive steps of a UV- photolithographic lift off process. Two separate photomasks 
have been employed.  Following the e-beam assisted evaporation of platinum; gold has 
been electrosputtered in the same fabrication run to ensure good adhesion of the metal to 
the Zeonor substrate. Comprehensive description of the fabrication procedure, supported 
with relevant diagrams is enclosed in Chapter V of this thesis. 
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Fig. 2.11. Chrome-on-Glass photomasks for the fabrication of the on-chip electrodes. 
 
2.9. Electrochemically assisted deposition of Nanoporous Gold 
Structures. 
 
Modification of Au electrodes with Nanoporous Gold Structures has been carried 
out, as described in Chapter V, according to a protocol in ref. [3]. Metal alloys for the 
NPG were obtained from alkaline solutions of KAu(CN)2 and KAg(CN)2 in Na2CO3. 
Deposition of gold and silver composites was followed by an Ag dealloying step, resulting 
in a formation of a porous network of gold nanostructures at the electrode surface. 
Electrochemical modification of gold electrodes microfabricated on Zeonor was 
performed using Ag/AgCl and Pt/Ti gauze as the reference and counter electrodes, 
respectively.  The presence of the NPG deposit was confirmed by cyclic voltammetry 
measurements in 1 M NaOH. The structure was visualised by the SEM. Fig. 2.12 
represents NPG deposit on gold [3] obtained with molar ratio of 0.18:0.82 Au to Ag. 
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Fig. 2.12. SEM image of the NPG wire-array taken from [3]. 
 
2.10. Design and fabrication of microfluidic channels. 
 
Fabrication of microfluidic channels required an accurate design of the 
photolithographic masks. Chrome-on-Glass (COG) master templates carrying the micro-
features were designed on the basis of theoretical studies of the fluid flow and the reaction 
kinetics in the channels. COG masks laid the foundation for the fabrication of silicon 
stamps which were later used for a direct transfer of the patterns onto the polymer 
substrates. Microfluidic channels in Zeonor have been produced using a hot-embossing 
technique under conditions of elevated temperature and applied pressure. Channel patterns 
in PDMS have been obtained by simple casting of the liquid polymer onto the silicon 
master followed by thermal curing of the assembly. The comprehensive description of the 
COG mask fabrication is enclosed in Appendix B. 
 
2.10.1. COG masks for the microfluidic channels. 
 
Design of the photomasks for microfluidic channels (Fig. 2.13) was prepared in the 
Central Fabrication Facility at the Tyndall National Institute using Mentor Graphics IC 
Station software.  Chrome on Glass (COG) templates were provided by Compugraphics 
Intl. Ltd in Scotland, where they were prepared by chemically etching the metal pattern 
unexposed to UV light, as discussed in Appendix B. 
 69 
 
 
Fig. 2.13. Chrome-on-Glass photomasks for the fabrication of microfluidic channel. 
           
2.10.2. Silicon stamps for the microfluidic channels. 
 
Stamps for the channels were prepared by a Deep Reactive Ion Etch (DRIE) of 
silicon in a mixture of gases (dry etch). The profile and size of the features obtained are 
precisely controlled by the design of the mask that has been used. Combination of a low 
pressure and strong electrical field disrupts the atomic structures forming highly energetic 
ions, which in turn bombard the surface of the silicon nearly vertically, effectively etching 
the underlying material. Silicon etch is typically carried out in the presence of sulfur 
hexafluoride [SF6], as the main reactive component of the plasma. DRIE is part of a multi-
phase fabrication process reported in detail in Chapter V.  Main steps involve: (i) coating 
the silicon wafer with a layer of a photoresist; (ii) exposing the surface to UV light 
through an appropriate photomask; (iii) deep reactive ion etch of the silicon and the 
removal of the remaining resist. Prior to any treatment, the substrate undergoes a thorough 
cleaning procedure.  
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2.10.3. Channel preparation in Zeonor and PDMS. 
 
Silicon stamps for channel imprinting were cleaned thoroughly with IPA and DI 
water and dried in a stream of nitrogen. Patterning in Zeonor involved aligning the 
polymer substrate and the master in a hot-embosser and applying elevated temperature and 
mechanical pressure for a defined period of time. Under certain conditions the polymer 
reaches its glass transition point and conforms to the features on the stamp. Subsequent 
cooling preserves the embossed channel patterns in the polymer structure even after mask 
removal. Channel profiles were then evaluated by SEM and Tencor measurements. 
Channel molding in PDMS was carried out by simply casting a degassed, liquid 
elastomer mixture containing the base and the catalytic agent onto the silicon stamp and 
curing it in the oven until set.  Solid PDMS was then separated from the master template 
revealing the features of the channel. The channel body was removed from the bulk 
PDMS; the inlet entries and flow outlet point were pierced with a metal hollow rod of Ø 2 
mm, as shown schematically in Fig. 2.14. Silicon master was retrieved and after cleaning 
was used for further casting.  
Description of the hot-embossing and casting protocols is enclosed in Chapter V of 
this thesis. 
 
 
Fig. 2.14. Schematic representation of the channel molding in PDMS. 
 
 
PDMS casting Thermal curing  Silicon mask removal 
removal  
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Plasma activation of PDMS channels 
 
Following casting and prior to device assembly, PDMS surface was treated in the 
oxygen plasma (Fig. 2.15), rinsed with copious amounts of IPA and DI water and blow-
dried in the stream of nitrogen. Exposure to plasma introduces hydrophilic functional 
groups and enables PDMS attachment to other materials. 
Fig. 
2.15. Activation of the PDMS surface in the oxygen plasma. 
 
 
2.10.4. PDMS bonding to Zeonor. 
 
PDMS to Zeonor bonding was successful in the presence of an Adhesive Prime 
Coat [4] diluted in heptane to a 10 % volume. The solution was sparsely applied on the 
PDMS avoiding the channel areas and activated in the oxygen plasma at low pressure and 
high power readings. Immediately after exposure, the substrates were brought together in a 
firm grip and the assembly was dried overnight at the room temperature. 
 
 
 
 
 
 
 
PDMS 
 72 
 
2.11. Sol-gel entrapment of the enzyme catalysts. 
 
Sol-gel encapsulation of D-Sorbitol dehydrogenase (from Gluconobacter oxydans) 
and bilirubin oxidase (from Myrothecium verrucaria) was carried out from an alkaline 
solution of 0.25 M tetraethyl-orthosilicate (TEOS), as reported in [5]. The electrochemical 
characterization of enzyme-modified electrodes was performed by measuring cyclic 
voltammetry response in a three-electrode system composed of the working disc electrode 
(Au, Pt or GCE), Pt disc counter and Ag/AgCl (3 M KCl internal electrolyte) reference. 
Electrodes were connected to an Autolab PGSTAT-12 potentiostat (Metrohm Autolab 
B.V, Netherlands) and the measurement was monitored by the General Purpose 
Electrochemical System software (GPES).  
Prior to surface treatment, WE was scrupulously polished with alumina powder (Ø 
0.05 µm), rinsed with deionized water and dried with a tissue paper.  The schematic of the 
on-chip sol-gel encapsulation of enzymes is depicted in Fig. 2.16. 
 
Fig. 2.16. Sol-gel encapsulation of the enzyme catalysts on the on-chip electrodes. 
 
 
2.11.1. Electrodeposition of DSDH in sol-gel. 
 
The solution for the sol-gel electrodeposition of D-Sorbitol dehydrogenase was 
composed of 0.25 M TEOS; poly (diallyldimethylammonium chloride) (PDDA); the 
enzyme, DSDH (aliquot of the 10 mg mL
-1 
stock); diaphorase (stock concentration of 5 
mg mL
-1
); NAD
+ 
- GPS and polyethyleneimine (PEI, 10 % in DI water, pH 9), as 
described in Chapter VI. 200 µL of the silica based mixture was coated on the electrode 
 
Electrodeposition in sol-gel 
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and a constant potential of -1.2 V was applied to the working electrode for 60 s. Following 
the electroplating, the deposit was carefully rinsed with deionized water, excess moisture 
was removed with a tissue paper and the electrode was left to mature at room temperature 
for 2 h.  
Activity of DSDH modified films was studied electrochemically in 0.1 M Tris-HCl 
buffer, pH 7.5, in the presence of the mediator, 0.1 mM ferrocenedimethanol (FDM) and 
the substrate for DSDH,  D-Sorbitol (2 mM - 8 mM). 
 
2.11.2. Sol-gel entrapment of BOX. 
 
The encapsulation of BOX in sol-gel was carried out from a solution containing 
0.25 M TEOS matrix, aliquot of enzyme (from 10 mg mL
-1 
stock in deionized H2O) and 
osmium polymer acting as the mediator. Polyethyleneimine (PEI, 10 % in DI water, pH 9) 
was added to stabilize the interaction between the negatively charged bilirubin oxidase and 
the cationic polymer. The mixture was drop-coated onto the electrode and left at room 
temperature to polymerize for a period of 2 h. Catalytic response of BOX to atmospheric 
oxygen was studied using cyclic voltammetry measurements in 0.1 M Phosphate Buffered 
Saline (PBS). Deaerated buffers were obtained by purging the solutions with N2 for 40 
min. Oxygen was provided to the enzyme by leaving the solution exposed to air for 30 
min. Attempts to electrodeposit bilirubin oxidase, according to the procedure enclosed in 
section 2.11.1 (presence of PEI and PDDA, -1.2 V for 60 s), have also been undertaken. 
This method was however not successful in supporting the enzyme’s catalytic activity. 
2.11.3. Surface modification of Au electrode. 
 
To improve the attachment of the silica films to gold surfaces, Au electrode was 
pre-treated with (3-Mercaptopropyl) trimethoxysilane (MPTMS) monolayer, as shown in 
Fig. 2.17. Modification of gold surface was carried out by drop-coating an aliquot of 20 
mM MPTMS in EtOH onto the electrode and incubating it with the solution for 20 
minutes [6]. Following the treatment, the surface of gold was rinsed with water and 
ethanol mixture (1:1 v/v) and the electrode was immediately used for the electrodeposition 
of BOX in sol-gel.  
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Fig. 2.17. Modification of gold disc electrode with MPTMS. 
 
 
2.12. Electrodeposition of enzymes in o-phenylenediamine. 
 
The electrodeposition of enzymes in o-phenylenediamine was carried out from 
buffered solutions containing 10 mM and 5 mM o-PD, according to the methods described 
by Wang et al. [7] and Rogalski [8]. Glucose oxidase (from Aspergillus niger) was 
deposited on the gold electrode amperometrically, by applying a constant positive 
potential of 0.75 V for a period of 20 min. For the encapsulation of laccase (from 
Trametes versicolor), the platinum working electrode was cycled between -0.5 V to 0.9 V 
for 40 sweeps (20 cycles), at 20 mV s
-1
 scan rate.  Immobilization of lactate oxidase (from 
Pediococcus sp.) was carried out from 5 mM o-PD buffered solution by applying a 
constant potential of 0.65 V for 20 min, as reported by Wang et al. [9]. All potentials were 
recorded with respect to Ag/AgCl electrode (3 M KCl as internal electrolyte). Application 
of a certain potential (or a potential window) results in the polymerization of o-
phenylenediamine and if present, subsequent encapsulation of the enzyme molecules 
within a growing chain of the polymer (Fig. 2.18). Prior to the electrodeposition, enzyme 
mixtures with o-phenylenediamine were purged with nitrogen for 20 min to remove the 
oxygen. Solutions containing glucose oxidase were additionally supplemented with 5 mM 
of sodium sulfite to minimize the electron scavenging properties of oxygen. 
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Fig. 2.18. Modification of electrode with poly o-phenylenediamine. 
 
2.12.1. Entrapment of glucose oxidase. 
 
Electrochemically assisted encapsulation of 10 mg mL
-1 
GOX in o-
phenylenediamine matrix was carried out, according to the protocol reported in [7], as 
described in Chapter VI. A potential of 0.75 V was applied for a period of 20 min to allow 
the polymerization of o-PD and subsequent gradual growth of the GOX functionalized 
polymer film. Following the deposition, the electrode was carefully rinsed with deionized 
water and the excess moisture was removed with a tissue paper. Immediately after surface 
modification, the catalytic activity of GOX was studied in 0.1 M phosphate buffer, pH 7.4, 
in a presence of ferrocenecarboxylic acid and glucose as the mediator and substrate for the 
enzyme, respectively. The solution for the electrodeposition contained sodium sulfite and 
was additionally purged with nitrogen for 20 min, prior to the surface modification to 
remove oxygen. Three-electrode system was composed of a gold disc as a working 
electrode (Ø 2 mm), a Pt coil counter and an Ag/AgCl reference immersed in 3 M KCl 
internal electrolyte. For the on-chip electrodes Au was used as the WE and Pt acted as 
both CE and RE. Electrochemical signal was monitored by a CHI 660B potentiostat. 
When not in use, GOX - modified electrodes were stored in the buffer (pH 7.4) at 4 ºC.  
 
 
 
Au 
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2.12.2. Encapsulation of laccase. 
 
The electrodeposition of 0.1 mg mL
-1 
laccase in o-phenylenediamine was carried 
out as described in [8]. The electrochemical polymerization of o-PD and subsequent 
incorporation of laccase molecules into the polymerized film is triggered by cycling the 
potential of the working electrode between -0.5 and 0.9 V for approximately 20 min. 
Following the deposition, the electrode was carefully rinsed with deionized water and 
dried with a tissue paper. Likewise for the encapsulation of glucose oxidase, two- and 
three-electrode systems were used depending on the type of the electrode being modified, 
with Pt (Ø 2 mm) as the WE. Prior to the electroplating, the solution was purged with 
nitrogen for 20 min. Immediately after modification the catalytic activity of the enzyme 
was monitored in 0.1 M phosphate buffer pH 6.0 solutions in the presence and absence of 
hydroquinone and oxygen as the mediator and substrate, respectively. When not in use, 
laccase biofunctionalized electrodes were stored in the buffer (pH 6.0) at 4 ºC. 
 
2.12.3. Electropolymerization of lactate oxidase. 
 
The electropolymerization of LOX in o-PD was carried out, as described by Wang 
et al. [9], from an oxygen free solution containing of o-phenylenediamine in 0.05 M 
phosphate buffer, pH 7.4. Electropolymerization from an enzyme-polymer suspension was 
performed by applying a constant potential of 0.65 V for 20 min in a three-electrode 
system. Prior to the deposition, the solution for electrode modification was purged with 
nitrogen for 20 min to remove the interfering oxygen. Following encapsulation, the LOX 
functionalized electrode was carefully rinsed with deionized water and stored in the buffer 
(pH 7.4) at 4 ºC, when not in use. Catalytic activity of lactate oxidase was measured 
indirectly by studying the amount of hydrogen peroxide formed as a result of L-lactate 
conversion.  
To improve the electrode sensitivity to hydrogen peroxide detection, Iron (III) 
ferrocyanide (Prussian Blue) was deposited on the working electrode as the supporting 
layer, according to the protocol described in ref. [10]. Following the electrochemical and 
thermal activation of PB, LOX/o-PD film was electrodeposited as the succeeding layer. 
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2.13. Preparation of the electrodes microfabricated on Zeonor for 
electrochemical studies. 
 
In this Ph.D. work, gold and platinum electrodes were microfabricated on Zeonor 
substrates using a UV-lithographic lift off technique. As described previously, this process 
requires the use of a photoresist, which needs to be further removed using a mixture of 
organic and inorganic solvents.  
 
Photoresist Removal 
 
Prior to any electrochemical measurements, the electrodes fabricated on Zeonor 
substrate were diced in the Central Fabrication Facility of the Tyndall National Institute. A 
protective layer of a positive photoresist, Microposit S18130 (Shipley, UK), was applied 
on each wafer before dicing to shield the metal patterns from the mechanical stress. Once 
diced, the polymer slides were chemically treated to remove the residual photoresist layer. 
Cleaning process involved immersing the chips for 5 min each in boiling acetone, 1, 2-
dichloroethane, IPA and DI water consecutively. The procedure was repeated twice 
following which the electrodes were washed thoroughly with deionised water and dried 
with nitrogen. Zeonor substrates were stored in a closed container when not in use. 
 
 
2.14. Solutions for the electrode modification. 
 
2.14.1. Solution for the electrodeposition of GOX in o-PD. 
 
Solutions of 10 mM o-phenylenediamine and 5 mM of sodium sulfite were 
prepared by dissolving 0.011 g of o-PD and 0.0063 g of Na2SO3 in 0.1 M phosphate 
buffer, pH 7.4. Directly before the electrodeposition, 100 mg of GOX was added to a final 
concentration of the enzyme of 10 mg mL
-1
. 
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2.14.2. Solution for the encapsulation of laccase in o-PD. 
 
Solutions of 5 mM o-phenylenediamine and 5 mM of sodium sulfite were prepared 
by dissolving 0.0055 g o-PD in 0.1 M phosphate buffer, pH 6. Directly before the 
electrodeposition, 1 mg of laccase was added to a final enzyme concentration of 0.1 mg 
mL
-1
. 
 
2.14.3. Solution for the electrodeposition of LOX in o-PD. 
 
Solutions of 5 mM o-phenylenediamine were prepared by dissolving 0.0055 g of o-
PD and 0.0063 g of Na2SO3 in 0.05 M phosphate buffer, pH 7.4. Directly before the 
electrodeposition, 100 µL aliquot of LOX (0.1 mg mL
-1
) was added to a final 
concentration of the enzyme of 0.005 mg mL
-1
. 
 
2.14.4. Solution for the electrodeposition of PB. 
 
Solutions of 4 mM Prussian blue (PB) in 0.1 M KCl and HCl were prepared by 
dissolving 0.0687 g of PB and 0.372 g of KCl in 0.1M HCl [9]. 0.1 M HCl was made by 
taking a 5 mL aliquot of 1 M hydrochloric acid stock and diluting it with deionized water 
to a 50 mL volume.  
 
2.14.5. Preparation of the sol-gel from 1.5 M TeOS stock 
solution. 
 
1.062 g of tetraethyl-orthosilicate (TEOS) was mixed with 1 mL of deionized 
water and 1.25 mL 0.01 M HCl. Sol-gel precursor was vigorously stirred for 12 h at room 
temperature.  
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2.14.6. Preparation of the NAD+ - GPS for DSDH 
encapsulation sol-gel. 
 
25 mg of NAD
+
 was combined with 37.5 mg of GPS and 400 µL of Tris-HCl, pH 
7.5. The mixture was stirred for 12 h in RT.  
 
2.14.7. Solution for the sol-gel electrodeposition of BOX. 
 
20 µL of 0.25 M TEOS (1:6 dilution of 1.5 M stock) was combined with 10 µL 
BOX (10 mg mL
-1 
in deionized H20), 5 µL of Os polymer and 2.5 µL of 
polyethyleneimine (PEI, 10 % in DI water, pH 9). 
 
2.14.8. Solution for the sol-gel electrodeposition of DSDH. 
 
70 µL of 0.25 M TEOS was mixed with 30 µL of poly -diallyldimethylammonium 
chloride (PDDA); 70 µL of D-Sorbitol dehydrogenase (DSDH, 10 mg mL
-1
); 40 µL of 
diaphorase (DI, 5 mg mL
-1
); 50 µL of NAD
+
-GPS and 40 µL of polyethyleneimine (PEI, 
10 % in DI water, pH 9). It has been shown that the order at which the individual 
components are added, different than described above, negatively affects the quality of the 
sol-gel deposit and the catalytic activity of DSDH. 
 
 
2.15. Preparation of buffered solutions for enzyme testing. 
 
2.15.1. Preparation of 0.01 M Phosphate buffered saline  
   (PBS), pH 7.4. 
 
Phosphate buffered saline solution, also known as PBS, was prepared according to 
the protocol recommended by the supplier, Sigma-Aldrich. 1 tablet of PBS was dissolved 
in 200 mL of ultrapure water (DI water) yielding 0.01 M phosphate buffer, 0.0027 M KCl 
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and 0.137 M NaCl, pH 7.4, at 25 ºC. PBS solution was prepared on a monthly basis, 
autoclaved (15 min cycle at 122 ºC) and stored at 4 ºC when not in use. 
 
2.15.2. Preparation of 0.2 M Phosphate buffer stock  
solutions. 
 
0.1 M phosphate buffers, pH 6 and pH 7.4, were prepared by mixing appropriate 
volumes of 0.2 M Sodium phosphate monobasic (NaH2PO4) and 0.2 M Sodium phosphate 
dibasic (Na2HPO4) stock solutions.   
A stock solution of 0.2 M Sodium phosphate monobasic was obtained by 
dissolving 12 g of NaH2PO4 powder in 0.5 L of deionized water. Solution was sonicated, 
autoclaved (15 min cycle at 122 ºC) and stored at 4 ºC when not in use. 
0.2 M Sodium phosphate dibasic was prepared by taking 14.20 g of NaH2PO4 
powder and making it up with deionized water to 0.5 L volume. Solution was sonicated, 
autoclaved (15 min cycle at 122 ºC) and stored at 4 ºC when not in use. 
 
2.15.3. Preparation of 0.1 M Phosphate buffer pH 7.4. 
 
In order to make 0.1 M Phosphate buffer pH 7.4, 44 mL of the acid (NaH2PO4) 
were added to 156 mL of the base (Na2HPO4) and the volume was brought up to 400 mL 
with deionized water. Phosphate buffer pH 7.4 solution was prepared on a monthly basis, 
autoclaved and stored at 4 ºC when not in use. 
 
2.15.4. Preparation of 0.1M Phosphate buffer pH 6.0. 
 
0.1 M Phosphate buffer pH 6 was made by adding 175.4 mL of the acid 
(NaH2PO4) to 24.6 mL of the base (Na2HPO4) and bringing the volume to 400 mL with 
deionized water. Phosphate buffer pH 6 solution was prepared on a monthly basis, 
autoclaved and stored at 4 ºC when not in use. 
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2.15.5. Preparation of 0.05 M Phosphate buffer pH 7.4. 
 
In order to prepare 0.05 M Phosphate buffer pH 7.4, 0.54 g of Na2HPO4 and 0.144 
g of NaH2PO4 were dissolved in 0.4 L of DI water. Solution was sonicated, autoclaved and 
stored at 4 ºC when not in use. 
 
2.15.6. Preparation of 0.1 M Acetate buffer pH 4.5. 
 
0.1 M Acetate buffer pH 4.5 was made by dissolving 0.8204 g of anhydrous 
sodium acetate (CH3COONa) in a mixture of 10.64 mL of acetic acid (CH3COOH) and 
89.36 mL of DI water. The buffer was stored for a month at 4 ºC when not being used. 
 
 
2.16. Preparation of redox solutions for enzymatic testing. 
 
7 mM of ferrocenecarboxylic acid (FCA) and 50 mM glucose in 0.1 M phosphate 
buffer pH 7.4 was prepared weekly in order to study the electrochemistry of glucose 
oxidase. The solution was made by weighing out 0.45 g of D-(+)-Glucose and 0.081 g of 
ferrocenecarboxylic acid and dissolving the powders in 50 mL of the supporting buffered 
electrolyte. The mixture was left in the sonicator for approximately 20 min to ensure 
complete dissolution of FCA.  
The electrochemical response of laccase was investigated in a solution of 3 mM 
Quinone (Q) in 0.1 M phosphate buffer, pH 6.0. A stock of 50 mL was prepared weekly 
by dissolving 0.0165 g of Q in the supporting buffer. Oxygen was provided from a (BOC 
Gasses Ireland Ltd) cylinder by purging the contained solution with O2 directly through a 
Teflon tubing for 40 min. Aerated buffers were obtained by incubating the solution in the 
stream of nitrogen for the same period of time. 
To measure the catalytic activity of D-Sorbitol dehydrogenase in sol-gel, solutions 
of 0.1 mM ferrocenedimethanol (FDM) in 0.1 M Tris-HCl containing increasing 
concentrations of D - Sorbitol (2 mM - 8 mM) were prepared.  0.5 L of 0.1 M Tris-HCl 
buffer stock was prepared by dissolving 6.057 g of a Tris base in 0.3 L of deionized water 
and titrated with 1 M HCl, until pH 9.0 was reached. Following the pH adjustment, the 
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solution was transferred into a clean conical flask and DI water was added to a final 
volume of 0.5 L. Solution of 0.1 mM FDM was made by weighing out 1.08 mg of 
ferrocenedimethanol powder and dissolving it in 50 mL of previously prepared 0.1 M 
Tris-HCl buffer. Solutions of D-Sorbitol (2 mM, 4 mM, 6 mM and 8 mM) were obtained 
by taking 7.3 mg, 0.015 g, 0.022 g and 0.03 g of the substrate respectively and dissolving 
in 20 mL of 0.1 mM FDM in 0.1 M Tris-HCl buffer. 
For the electrochemistry of bilirubin oxidase modified sol-gel films, 0.5 mM 
solutions of 2, 2′- Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 
(ABTS) was prepared in 0.1 M PBS pH 7.4 by weighing out 5.5 mg of the ABTS powder 
and adding it to 20 mL of the PBS buffer. 
The catalytic activity of lactate oxidase functionalized PB/o-PD electrode was 
studied in a 0.05 M phosphate buffer pH 7.4 in the presence of increasing concentrations 
of the substrate, sodium L-lactate (2 mM – 6 mM). 10 mM stock solution of lactate was 
prepared by dissolving 0.011 g of the crystalline powder in 10 mL of the supporting 
buffer. Subsequent aliquots of the stock were then added to the phosphate buffer to obtain 
a desired final concentration of the lactate [9].  
The electrochemical characterization of gold and platinum electrodes 
microfabricated on Zeonor was carried out from a solution of 5 mM potassium 
ferricyanide K3[Fe(CN)6] in 0.1 M PBS buffer, pH 7.4. Ferricyanide was prepared from 
0.033 g of [Fe(CN)6]
3-  
and brought up to a volume of 20 mL. 
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CHAPTER III 
MINIATURE ENZYMATIC BIOFUEL CELL 
OPERATING IN STATIC CONDITIONS  
In science, the credit goes to the man who convinces the world, not to the man to whom 
the idea first occurs. 
 
Sir Francis Darwin  
  
 
  
3.1. Introduction. 
 
3.1.1. Main objectives and approach imperatives. 
 
The aim of this chapter was to investigate the design, feasibility, and the 
characteristics of a small scale enzymatic biofuel cell, operating in a static environment 
under ambient conditions, compatible with the requirements of the implantable micro-
power sources. The expected outcome of this study was to obtain an experimental 
definition of the main directions, leading to the improved biofuel cell performance. 
Simplicity of the proposed design, rudimentary preparation methodology and prevalence 
of structural and biological components of the cell were the key factors under 
consideration. Commercial and easily accessible gold and platinum disc electrodes have 
been selected as integral constituents of the design. Immobilization of enzyme catalysts 
has been performed via drop-coating technique and the quality and stability of adhered 
films investigated. Membrane type and material source were also explored for efficient 
separation of catholyte and anolyte half-cell compartments.  Operability of the constructed 
prototype has been examined in buffered solutions, in the presence of respective 
enzymatic substrates and electron mediating species. Enhancement of the cell performance 
through the implementation of enzyme molecules has been studied and compared to a non-
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enzymatic design approach. Characterization of the miniature enzymatic biofuel cell and 
its individual constituents has been carried out in static conditions employing basic 
electrochemical techniques, such as, cyclic voltammetry and chronoamperometry. 
The work carried out as part of this chapter was dedicated to the determination of 
the feasibility of an enzymatic biofuel cell operating in a basic configuration. In a 
microfluidic biofuel cell, all the fundamental components are housed in a single 
microstructured device, which exploits the laminar fluid flow in a channel to essentially 
create two half-cells.  Due to the laminar regime, electrolyte cross-talk is minimized and 
maintains the biofuel cell functional without the use of a membrane.   
 
3.1.2. State-of-the-art on enzymatic biofuel cell development.  
 
Enzymatic biofuel cells are unique in comparison to their traditional fuel cell 
predecessors in that the catalytic reactions employ environmentally friendly and 
biocompatible protein molecules, which are directly immobilized on the electrodes via 
physical or chemical interactions with various functional surface groups. Conventional 
fuel cells, such as, polymer-electrolyte, solid oxide or direct-methanol systems [1] rely on 
costly noble metal catalysts and operate on reformed fossil fuels [2]. In order to 
successfully carry out their functions, a number of components are required (Tab. 3.1), 
which contribute to the complexity and large size of proceeding devices. Implementation 
of highly selective enzyme catalysts eliminates the separation prerequisite and reduces the 
size of biofuel cells by a factor of 100, compared to the dimensions of the smallest 
battery or the fuel cell produced to date [3]. Implantable enzymatic biofuel cells benefit 
from bodily glucose sources, therefore the reservoir for the fuel storage and the 
corresponding delivery systems are not necessary. Likewise, due to oxygen present 
abundantly in all tissues and organs, the air breathing membrane of the cathode 
compartment is typically not required. 
In traditional fuel cells and batteries, strongly acidic or basic electrolytes and 
volatile, often toxic reactants transformed at high temperatures are confined and sealed in 
a case, typically made of stainless steel. Conversely, biofuel cells mimic innocuous 
processes occurring in nature and therefore, can operate in mild physiological conditions, 
in the presence of natural biological fuels and oxidants. Since the products formed as a 
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result of catalytic conversions are non-toxic and environmentally friendly, the case and the 
corresponding seal are obsolete.  
 
Tab. 3.1. Structural components of the conventional and enzymatic fuel cells. 
                   Conventional fuel cells    Enzyme “wired” biofuel cells 
Case - 
Case seal - 
Membrane - 
Ion conducting electrolyte  
e.g. phosphoric acid 
- 
Anode Anode 
Cathode Cathode 
Plumbing to anode/cathode compartment - 
 
To successfully separate the anolyte and catholyte solutions and prevent the 
species cross-over, a membrane is typically employed in conventional fuel cells. This is of 
a particular importance when one of the electrodes is composed of platinum or if a redox 
mediator is present in either compartment, which can diffuse across the interface and 
interfere with the counterpart reaction. The implementation of the membrane prevents 
undesirable reactions by blocking the transfer of either fuel or O2. The separator conducts 
the flow of ions formed on the anode to the cathodic chamber, while inhibiting the 
electron transfer across the interface and forcing the generated current through the external 
circuit.  
The use of compartment-separating membranes can be successfully omitted in the 
enzymatic biofuel cells where the anodic and cathodic reactions are not carried out by 
noble metals but by selective protein catalysts. Biological cells can operate as a single unit 
containing both the fuel and oxidant, provided that the anodic and cathodic redox 
mediators cannot be regenerated by opposing enzymes or upon cross- reactions, which 
would significantly reduce the power output. Both issues can be however, resolved by 
subsequent immobilization of the catalyst and the mediator species on the electrode 
surface.  
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Traditional enzymatic biofuel cells were comprised of an anode and cathode 
separated by a membrane allowing for a discriminate transport of ions between the anolyte 
and catholyte buffered solutions. The majority of early glucose/O2 biofuel cells contained 
a platinum group metal catalyst and required the use of a membrane in order to prevent 
electrode fouling by products of glucose electrooxidation. Implementation of an enzymatic 
couple which could selectively catalyse redox reactions was a first milestone leading to a 
membrane-less approach. 
In 1999, Katz and co-workers demonstrated for the first time a separator-free, 
single chamber biofuel cell incorporating two enzyme catalysts “wired” to the underlying 
electrodes using bioengineering technique [4]. The cell was composed of a surface 
reconstituted apo- glucose oxidase on pyrroloquinoline quinone (PQQ)-Flavin Adenine 
Dinucleotide (FAD) monolayer and cytochrome c functionalized cytochrome c oxidase 
modified Au disc electrodes (Fig. 3.1). The catalytic activity of glucose oxidase (GOX) 
and cytochrome oxidase (COD) were recorded in 1 mM glucose electrolyte solution 
saturated with air.  
 
Fig. 3.1. Apo-glucose oxidase functionalized  bioanode and cytochrome c oxidase cathode 
of the first membrane-free, single chamber enzymatic biofuel cell constructed by Katz and 
co-workers [4]. 
The cell operated at 60 mV and generated a power density of as little as 4 μW 
cm
−2
. The diminutive voltage and very low power output effectively prevented device 
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miniaturization. For the cell to be considered in any biomedical applications, the active 
area would need to be approximately 1 cm
2
, which would not be compatible with the size 
of the rest of the system.  
The very first successful miniaturization of the enzymatic biofuel cell was reported 
in 2001, by a group led by Adam Heller [3]. The cell consisted of carbon fibers (Ø 7 µm) 
as anodes and cathodes for the enzymatic consumption of glucose and oxygen.  The 
electrode material was functionalized with glucose oxidase and laccase catalysts, 
immobilized in appropriate polymer matrices for efficient conversion of the fuel and the 
oxidant.  The redox supports used to attach the enzymes were carefully chosen so that 
undesirable electrooxidation or reduction of opposing species would not take place [5, 6]. 
Due to high sensitivity of laccase to neutral and basic environments, as well as the 
negative influence of Cl
-
 on its biological function [7-9], the cell operated in a chloride-
free citrate buffer at pH 5. Implementation of conductive polymer coatings enabled the 
electron transport between the carbon surface and the active site without the mediator 
prerequisite and eliminated the need for a membrane [3]. Application of multiple polymer 
layers increased the power output to 140 µW cm
-2
 at 0.4 V, with the current densities of 1 
mA cm
-2
 and 5 mA cm
-2 
for the anode and cathode, accordingly. 
Improvement to Heller’s strategy was proposed by Tsujimura and co-workers in 
2001 [5]. The group produced a membrane-less enzymatic biofuel cell utilizing bilirubin 
oxidase and glucose dehydrogenase, cross-linked to osmium polymer functions and 
immobilized on glassy carbon disc electrodes. The prototype was capable of an efficient 
electrocatalysis under neutral pH and in the presence of chloride ions. The maximum 
power density of 58 μW cm−2 was obtained at 0.19 V.  This particular study proved 
successful operation of a membrane-less biofuel cell in physiological buffer solutions. 
In 2005, Ramanavicius reported the use of alcohol dehydrogenase from 
Gluconobacter sp. and glucose oxidase (Aspergillus niger) coupled with microperoxidase 
from horse heart (MP-8) as respective anodic and cathodic catalysts [10]. The constructed 
single-chamber biofuel cell was composed of graphite disc electrodes (Ø 3 mm) 
functionalized with enzymes adsorbed in the presence of glutaraldehyde. The cell 
exhibited an operational half-life of 2.5 days and a maximum open circuit potential of 270 
mV when surplus concentrations of ethanol and glucose were present (> 2 mM), however 
the power output of the cell was not specified by the authors. 
Kamitaka and co-workers [11] reported a single-unit, separator-free biofuel cell 
utilizing fructose dehydrogenase (FDH) from Gluconobacter sp. and laccase from 
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Trametes sp. for electrochemical conversion of fructose and oxygen. The cell consisted of 
a carbon paper anode modified with FDH adsorbed on Ketjen black (KB) and carbon 
aerogel cathode with attached multicopper oxidase. The maximum power density of 850 
µW cm
-2
 was obtained at a potential of 0.41 V under stirring conditions. Highest recorded 
current output was 2.8 mA cm
-2
. 
More recently, Wang and co-workers [12] demonstrated the use of porous silicon 
(pSi) substrates for the immobilization of glucose oxidase and laccase, as anodic and 
cathodic catalysts of a membrane-less and mediator-free biofuel cell. Prior to the enzyme 
attachment, the silicon matrix was functionalized with single walled carbon nanotubes 
(SWCNs) by chemical vapour deposition (CVD) or electrophoretic deposition on gold-
coated pSi. The cell operated in phosphate buffer solution at neutral pH.  While the 
maximum power density derived from the cell was low (1.38 µW cm
-2
) and a half-life of 
24 hours was recorded, relatively simple architectural design indorsed future optimization. 
The possibility of employing graphene nanosheets as viable candidates for biofuel 
cell electrode materials was demonstrated in 2010 by Li et al. [13]. The authors described 
the use of sol-gel matrix deposited on gold plate electrodes for the encapsulation of 
glucose and bilirubin oxidase enzymes. The anode and cathode were then brought together 
in a self-designed Teflon holder and the performance of the resulting cell was studied in an 
air saturated PBS buffer (pH 7.4) solution containing 100 mM glucose. The maximum 
power density of approximately 24.3 ± 4 µW cm
-2 
and
 
a half-life of 7 days
 
were reported. 
In 2011, a group under Michael J. Cooney [14] constructed a macroscopic hybrid 
lactate/air biofuel cell composed of a microbial anode and an enzymatic air-breathing 
cathode. The cell utilized Shewanella MR1 incorporated in a chitosan-carbon nanotube 
matrix and a teflonized carbon black with adsorbed laccase (Fig. 3.2). The open circuit 
potential of 1 V and a power density of 26 µW cm-3 were reported. 
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Fig. 3.2. Hybrid lactate/air biofuel cell composed of a microbial anode and gas-diffusion 
cathode [14]. 
 
One of the core objectives of the enzymatic biofuel cell research is to provide a 
neat design solution, which would enable a long-term operation of a functional cell in 
continuous regime. The first flow-through platforms proposed in 2011 by Plamen 
Atanassov and co-workers [15, 16], were composed of a system of multiple electrodes 
connected by plumbing elements and confined by padding structures (Fig. 3.3). The cell 
consisted of an air-breathing carbon and nickel mesh cathode functionalized with laccase 
(Trametes versicolor sp.) and a NAD
+
- dependent alcohol dehydrogenase 
(Saccharomycescerevisiae sp.) modified reticulated vitreous carbon (RVC) anode of a 
defined porosity. The innovative configuration of the cell enabled individual studies of 
anode and cathode, prior to the measurements of the complete biofuel cell.  The maximum 
power density of 26 µW cm
-2 
was reported at 0.372 V.  
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Fig. 3.3. Schematics of flow-through biofuel cells utilizing NAD+ dependent 
dehydrogenase enzymes (left and right images) [15, 16] and laccase (left image) [15]. 
 
Recently, Mano and co-workers [17] developed a novel three-dimensional biofuel 
cell employing glucose oxidase from Aspergillus niger and bilirubin oxidase 
(Trachiderma tsunodae) for a direct electrooxidation of glucose and mediated reduction of 
oxygen. Protein catalysts were immobilized on highly porous carbonaceous foam 
electrodes on glassy carbon supports. The maximum power density of 202 µW cm
-2 
was 
reported at a potential of 0.4 V. 
Very few enzymatic biofuel cells operating in a microfluidic environment have 
been reported up to date, most of which are accessible as patents  [18, 19] and not openly 
available to the public. The majority of published accounts on the application of 
microfluidic systems employ the same basic design, use a limited number of catalysts and 
fuels and are restricted to two core materials: PDMS and glass. The mainstream approach 
undertaken by various research groups, is to study the conversion of glucose and O2 in 
glucose oxidase and laccase functionalized cells composed of simple geometries of gold or 
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carbon patterned electrodes and Y-shape channels embedded in PDMS [20-22]. Currently, 
one of the highest power densities of 110 μW cm−2 was extracted from the microfluidic 
cell operating at 0.3 V [21, 22]; however, that is still not sufficient for a number of 
desirable applications.  Novel design of microfluidic platforms for enzymatic biofuel cell, 
incorporating a variety of electrode and channel designs, has been therefore proposed as 
part of this Ph.D. thesis and is discussed in detail in the following chapters. 
 
3.2. Development & investigation of the enzymatic biofuel cell. 
 
Two main experimental set-ups were employed in the development and the 
characterization of the miniature enzymatic biofuel cell proposed as part of this chapter. 
The first configuration was a simple electrochemical cell with a three-electrode system 
which has been used for fundamental electrochemical measurements of stand-alone bare 
and enzyme modified electrodes. Gold or platinum discs have been employed as working 
electrodes, with a platinum wire auxiliary, and an Ag/AgCl (in 3M KCl supporting 
electrolyte) reference electrode.  
Following the characterization of the individual components, an in-house built 
prototype of the enzymatic biofuel cell was constructed in a two-electrode configuration, 
with a gold counter and reference anode and platinum disc cathode used as working 
electrode. 
 
3.2.1. Components of the fuel cell and their integration. 
 
The preliminary design and operation of a miniature enzymatic biofuel cell, 
constructed as part of this chapter, were based on research previously reported in the area 
of biological power sources.  
The cell consisted of two compartments separated by a semi-porous silicon 
membrane. Gold disc (Ø 2 mm) anode located in a bottom half of the cell acted as both 
reference and counter electrodes, while the platinum disc (Ø 2 mm) cathode situated in the 
upper chamber was connected as the working electrode.  Platinum and glassy carbon 
materials were also investigated as anodes. The cathoyte solution was composed of 50 
mM 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS) in acetate buffer, pH 
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4.6. The anolyte consisted of 20 mM glucose, 5 mM ferricyanide K3Fe(CN)6 in 0.1M 
phosphate buffer at pH 7. 
Glucose oxidase from Aspergillus niger and laccase from Trametes versicolor have 
been selected as the anodic and cathodic catalysts for the assembly of the enzymatic 
biofuel cell. Glucose oxidase (GOX) is a dimeric oxidoreductase capable of catalyzing the 
oxidation of glucose to gluconolactone and hydrogen peroxide. The enzyme is highly 
suited for immobilization at the anode due to its well established characteristics and 
inherent oxidative properties. Laccase has been chosen as the cathodic enzyme due to its 
ability to selectively reduce molecular oxygen to water. Both enzymes have been 
extensively employed in the area of catalytic investigations involving the biofuel cell and 
biosensor studies. General abundance and relatively robust nature enable their easy 
manipulation and allow their implementation in various life science applications. 
The immobilization of biomolecules has been achieved by applying a 20 µL 
aliquot of the enzyme suspension to the electrode and drying it by RT evaporation for 1 h. 
Following drop-casting, the modified electrodes were immersed in the appropriate 
buffered solutions containing respective substrate and mediator. The electrodes were held 
in Eppendorf tubes adjusted to accommodate the anodic and cathodic counterparts. A 
small capillary tube has been used to act as a salt bridge, typically employed in galvanic 
cells to form a connection between the oxidation and reduction half-cells. Although 
glucose oxidase and laccase are suitable for the required redox reactions at the respective 
electrodes, they are not compatible when coexisting in a single solution for several 
reasons. The optimal pH for glucose oxidase is approximately 7.0, while the maximum 
activity of laccase is observed at pH 4.6. In addition, dissolved O2, while being a desirable 
substrate at the cathode, interferes with electrooxidation of glucose catalyzed on the 
anode. O2 intercepts electrons from the anode by acting as a competitive substrate for 
glucose oxidase. This results in the attenuation of the electron flow and an overall decrease 
in delivered power by up to 50 % as reported by Zebda [21]. To prevent the negative 
influence of molecular oxygen and eliminate fuel and oxidant mixing, a series of 
insulating semi-porous silicon based membranes have been investigated, as means to 
isolate the two half-reactions taking place in the biofuel cell. The selected membranes 
were initially employed at the Tyndall National Institute in a bioanalytical detection of 
charged oligopeptides [23], where they have demonstrated excellent ion transfer 
properties. Fig. 3.4 depicts Scanning Electron Micrographs of two representative micro- 
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and nanoporous silicon based membranes used in the assembly of the enzymatic biofuel 
cell constructed as part of this chapter. 
 
Fig. 3.4 SEM micrographs of porous membranes microfabricated at the Tyndall National 
Institute: (left) array of 2900 pores of Ø 5 µm; (right) array of 120 pores of Ø 500 nm. 
 
The membranes were attached to the end of a glass capillary using a biocompatible 
silicon epoxy and dried at room temperature overnight. Prior to membrane attachment, the 
capillary surface was thoroughly polished on a wet sand paper until smooth, sonicated in 
an acetone bath for 20 mins, rinsed with copious amount of deionized water and dried in a 
nitrogen stream.  The membranes were treated in oxygen plasma for 5 mins at 900 mTorr 
pressure and high power settings, in order to remove any residual organic debris. 
Following the exposure they were rinsed with IPA and deionized water and dried in 
nitrogen flow. A thin layer of the silicone adhesive was applied on the surface with the aid 
of a small brush; the membrane was carefully placed on the capillary using tweezers and 
pressed against the glue for a few seconds. The epoxy was left to dry in ambient 
temperature overnight. Once set, the semi-porous capillary was placed in the upper 
Eppendorf vial effectively separating the enzymes and their supporting electrolyte 
solutions.  
GOX catalyzed electrooxidation of glucose on the anode produces gluconolactone, 
H
+
 and e
-
. Generated protons are conducted through a permselective membrane towards 
the cathode where they participate in a catalytic reduction of oxygen to water. Due to an 
insulating nature of the membrane the electrons are forced through an external circuit and 
are detected as current. Highly electronegative O2 and [Fe(CN)6
3
]
-
,when
 
mutually present 
in the anolyte solution, will
 
naturally compete for the electrons generated as a result of 
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glucose electrooxidation.  In order to prevent the negative influence of molecular oxygen 
and to eliminate potential current and power losses, the bottom compartment of the cell 
was equipped with a nitrogen line, providing a constant supply of N2 to the anolyte. A 
schematic diagram of the miniature enzymatic biofuel cell set-up is illustrated in Fig. 3.5. 
 
Fig. 3.5. Schematic of the miniature enzymatic glucose/ air biofuel cell incorporating 
glucose oxidase and laccase catalysts and a semi-porous membrane separating the 
anolyte and catholyte solutions and conducting the electron flow through the external 
circuit is indicated. 
 
The half-cell reactions catalyzed at anode and cathode are summarized in Fig.3.6. 
As illustrated, two redox molecules have been introduced as anodic and cathodic 
mediators to ensure efficient electron transfer between the enzyme active site and the 
electrode surface. Potassium ferricyanide K3Fe(CN)6 has been employed to support the 
electrooxidation of glucose on the anode and  2,2'-azino-bis-3-ethylbenzothiazoline-6-
sulphonic acid (ABTS) has been the mediator of choice for oxygen reduction at the 
cathode.  
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Fig. 3.6. Half–cell reactions of the glucose/O2 enzymatic biofuel cell. Electrons generated 
from the electrooxidation of glucose are transported through Fe(CN)6
3- 
to the anode and 
shuttled to cathode for reduction of molecular oxygen. Electron flow is promoted via a 
cathodic mediator (ABTS
2-
) transferring e
-
 to laccase. 
 
The molecular structures of K3Fe(CN)6 and ABTS are represented in Fig. 3.7. 
 
 
 
Fig. 3.7. Chemical structures of anodic and cathodic mediator molecules: Fe(CN)6
3-
 (left) 
and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), ABTS (right). 
 
To isolate the half-cells, several nm and µm in diameter semi-porous silicon 
membranes, varying in the number of pores, have been investigated. The predominant 
function of the membrane was to prevent the undesired diffusion of molecular oxygen to 
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the anodic compartment and to conduct proton ions across to the cathode while enforcing 
the electron flow between the electrodes through an external circuit.   
Two main types of membranes microfabricated in the Silicon Fabrication Facility 
of the Tyndall National Institute have been under investigation. 150 and 500 nm pore 
membranes with 390 pores each were manufactured from silicon wafers pre-coated with 
Si3N4 using optical lithography and etching techniques. 5 µm pores (with 120 and 2900 
pores) were produced via Deep Reactive Ion Etching (DRIE) of silicon. In both processes, 
a 525 µm thick silicon support was used as the underlying material. Nano- and micro- 
fabrication routes employed the same orientation of the silicon wafer substrate (<100>) 
and analogous process-flows. Due to the highest pore density and size, the majority of 
experiments undertaken as part of this research scope were conducted utilizing micropore 
arrays (Ø 5 µm) with a total number of 2900 pores. The potential use of the remaining 
micro-and nanoporous membranes has also been evaluated; however, due to expected 
greater diffusion rate of protons through the film of the largest pore concentration, the 
former has been selected for the final design of the biofuel cell. 
 
3.2.2. Fabrication of the silicon membranes. 
 
While the porous membranes discussed in this section were designed specifically 
for the purpose of bioanalytical detection with electrochemical methods [23-25], they can 
be similarly applied in the catalytic studies using biofuel cells. 
 
Fabrication of silicon-nitride membranes 
 
Nanopores have been fabricated in a 100 nm layer of silicon nitride (Si3N4) 
deposited on a silicon wafer. Pad-Oxide (35 nm) coating was thermally adsorbed between 
pure Si and Si3N4 and acted as a stress relief agent. A layer of an electron-beam resist was 
coated onto silicon nitride and the nanopore arrays were patterned via electron-beam 
lithography. Nano-size openings were formed using a standard magnetic zero-resonant 
etch protocol in a mixture of fluorocarbon gases (CF4 and CHF3). A layer of protective 
ProTEK B3 polymer film (Brewer Science, Montana, USA) was spun coated onto the 
front-side of the wafer to protect the membrane during the last fabrication steps. The back-
side was etched using PERIE nitride-on-oxide etch, 10:1 HF and KOH baths. Exposure of 
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a 100 Si wafer to a concentrated solution of potassium hydroxide resulted in a selective 
etch along the plane of the silicon crystal, at a 54.7 ºC and at a rate of 1 µm min
-1
. The 
ultimate removal of the protective polymer coating in an appropriate solvent stripper 
(ProTEK Remover 100) and O2 plasma exposure to remove any potential debris were the 
final steps in the fabrication of nanoporous membranes (Fig. 3.8). 
 
 
Fig. 3.8. Fabrication flow of the nanoscopic pore arrays in Si3N4. A) thermal oxidation 
(SiO2) and LPCVD of Si3N4; b) E-beam patterning and dry-etch of nanopores through 
SiO2 and Si3N4; c) dry-etch and wet-etch  (10:1) through SiO2 and Si3N4; d) application of 
ProTEK B3 protective layer onto front-side of the wafer; e) crystalline selective back-to-
front etch of silicon in KOH bath; f) chip dicing; g) removal of ProTEK B3 polymer in 
solvent stripper and O2 plasma clean. 
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Fabrication of porous silicon membranes 
 
Porous silicon membranes have been produced in silicon wafers thermally 
oxidized, in order to form a hard-mask layer of silicon oxide (SiO2). The openings were 
generated using a standard dry-etch protocol into SiO2, in a mixture of gases (CF4 and 
CHF3). A layer of Si3N4 was then applied on front- and back-side of the wafer using Low 
Pressure Chemical Vapor Deposition (LPCVD) to protect the underlying SiO2 during a 
subsequent KOH wet-etch of the membrane. Patterning of back side openings for 
succeeding dry-etch of Si3N4 + SiO2 hard masks was carried out using optical lithography 
technique. Bulk silicon substrate located directly under the membrane area was etched in a 
potassium hydroxide bath up to a residual thickness of 100 µm and the layer of silicon 
nitride was removed in hot concentrated phosphoric acid.  Micropore arrays were 
manufactured via Deep Reactive Ion Etch (DRIE) of front silicon bulk to a final depth of 
100 µm. In order to prevent etch-through causing diffusion of helium maintaining a 
constant cooling temperature across the wafer, 5 µm of aluminum layer was applied at the 
back-side of the wafer. The final fabrication steps involved removal of Al etch-stop 
coating and SiO2 hard mask using wet-etch technique (Fig. 3.9). 
 
3.2.3.  Characterization of a miniature enzymatic biofuel cell 
 in static conditions. 
 
In order to obtain baseline current values, the electrochemical response of bare 
gold and platinum disc electrodes has been investigated prior to enzyme immobilization. 
Glassy carbon and platinum have also been considered as potential electrode materials for 
the bioanode. Due to the favorable response of redox species on Au and the ease of 
patterning the metal microelectrodes on chip, gold has been selected as the ultimate active 
support for GOX.  Platinum has been chosen as the electrode for the biocathode. As 
previously, other materials were under investigation; however, due to the metal’s superior 
ability to sequester molecular oxygen and reduce it to water, Pt has been chosen for further 
assembly in the biofuel cell. This was due to the fact that if the immobilization of the 
enzyme has not been successful, the bare metal could have been used as a natural catalyst 
for O2 reduction. 
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Fig. 3.9. Fabrication flow of the pore arrays in Si. a) thermal oxidation of 1µm SiO2 b) 
dry-etch of nanopores in SiO2; c) LPCVD of Si3N4; d) optical lithography to pattern the 
openings for KOH wet-eth at the back of the wafer; e) KOH back-to-front etch of 
underlying silicon up to 100 µm; f )removal of Si3N4 in hot concentrated phosphoric acid; 
g) spin-coating of aluminium layer on the back-side of the wafer as a stop-etch; h) DRIE 
of pores through SiO2 and silicon; i)wet-etch removal of Al and SiO2 hard mask. 
 
 
The electrodes have been thoroughly cleaned, according to the protocol enclosed in 
Chapter II. The procedure involved mechanical polishing with alumina suspensions in 
deionized water (alumina particle size of 1 µm, 0.05 µm and 0.3 µm), sonication in EtOH 
and DI H2O bath (1:1 v/v) for 20 mins and the electrochemical cycling of the electrode 
within a certain potential range in a fresh solution of 1 M H2SO4 for approximately 3 h. 
The characterization of gold and platinum has been carried out using cyclic 
voltammetry measurements in appropriate buffer solutions containing the respective redox 
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species. The setup was composed of a three electrode system containing Au or Pt working 
electrodes, Pt wire auxiliary and Ag/AgCl reference in 3 M KCl supporting electrolyte.  
Following the initial studies on the bare electrodes, glucose oxidase and laccase 
have been immobilized on gold and platinum accordingly, by evaporation from the 
enzyme aliquot using a simple casting method. 20 µL of 8 mg mL
-1  
GOX and 1 mg mL
-1  
laccase in respective buffer solutions were drop-coated onto gold and platinum electrodes 
and left to dry for 1 h. 
 
3.3. Results and discussion. 
 
The electrochemical response of both catalysts has been studied using cyclic 
voltammetry measurements in buffered solutions containing substrate and mediator 
molecules. The influence of the square root of the scan rate on the produced current has 
been investigated and the diffusion coefficients of K3Fe(CN)6 and ABTS have been 
calculated using the Randles-Sevčik formula. The open circuit potential of the enzyme 
modified electrodes has also been recorded and compared to the readings obtained for bare 
Au and Pt. The OCP measurements of the assembled biofuel cell were obtained and the 
electrochemical performance has been evaluated based on the current and power output. 
An increased open circuit potential is an indicator of enhanced power capabilities of a cell.  
The current density at various potentials applied to the biofuel cell has been measured 
using chronoamperometry. Power density has been calculated by multiplying the applied 
voltage and the current density from the obtained polarization curves. Resulting power vs. 
potential dependency provided useful information on the optimal operational cell voltage 
and the power density that can be drawn from the cell. 
 
The response of a bare gold electrode has been measured in a 0.1 M phosphate 
buffer, pH 7.0, containing 20 mM glucose and 5 mM K3Fe(CN)6. The electrochemical 
signal of the substrate and mediator has been recorded for variety of scan rates (Fig. 3.10) 
and the shape of the behavior investigated to determine the reaction limiting factors. 
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Fig. 3.10 CV of bare gold disc electrode in 20 mM glucose, 5 mM K3Fe(CN)6 in 0.1 M 
phosphate buffer pH 7.0. Dependency of the peak current on increasing scan rate: 10 mV 
s
-1 
(black line); 20 mV s
-1 
(red line); 30 mV s
-1 
(blue line); 40 mV s
-1 
(green line); 50 mV s
-1 
(magenta line). Potential recorded vs. Ag/AgCl (3 M KCl). 
 
As illustrated in Fig. 3.10, cyclic voltammograms of bare gold in 0.1 M phosphate 
buffer, pH 7.0, containing 20 mM glucose and 5 mM K3Fe(CN)6 confirmed a diffusion-
dependent response of ferricyanide, typically expected on macroelectrodes. The increased 
current values were recorded for higher scan rates and a characteristic diffusional shape of 
both redox peaks indicated a linear influx of Fe(CN)6
3-
 to the electrode surface and current 
limitations due to the mass transfer restrictions. These observations suggest that the 
reaction kinetics is faster than the diffusion of species. The distorted shape of the cyclic 
voltammogram at more negative potential values is due to the improper choice of the 
starting potential, forcing the oxidation of Fe(CN)6
3- 
species, as opposed to their initial 
reduction by cycling the potential from 0.6 V back to 0 V. 
As discussed in Appendix A, the reversibility of the redox system is, by 
convention, determined based on the potential difference (    between the oxidation and 
reduction peaks. For a reaction to be reversible,    in a single electron transfer process 
should be approximately 59 mV and independent of the scan rate used. As indicated in 
Fig. 3.10, the oxidative and reductive peak voltage for ferricyanide recorded at 0.01 V s
-1
 
scan rate were 0.259 V and 0.173 V respectively. The resulting voltage difference in this 
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case was 86 mV, which is higher than the hypothetical    expected in theory for a 
reversible process. This dissimilarity may be due to unaccounted resistance of the solution. 
The influence of the square root of the scan rate on the oxidation peak current has 
also been investigated and is illustrated in Fig. 3.11. The presence of an intercept is most 
likely associated with the incorrect choice of the starting potential for the CV 
measurement. 
 The linear dependency of the oxidation peak current,    on the square root of the 
applied scan rate,  
 
 ⁄ , depicted in Fig. 3.11, suggests that the response of ferricyanide on 
bare gold electrode can be mass transport limited.  
 
 
Fig. 3.11. Dependency of the maximum oxidation current (ip) on the square root of the 
scan rate (v
1/2
). Response of 5 mM K3Fe(CN)6 in 0.1 M phosphate buffer pH 7.0 on Au disc 
electrode. 
 
Based on the slope of the oxidation current dependency on the v
1/2
 and the 
assumption of the reversibility of the ferricyanide redox reaction, the diffusion coefficient 
of K3Fe(CN)6  has been determined (Eq. 3.2) using the transformed Randles-Sevčik 
equation (Eq. 3.1).  
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Diffusion coefficient of ferricyanide (             ), determined from Randles- 
Sevčik formula (        based on the slope of the ip vs. v
1/2 
line gave a value of 
                                   . This is in an acceptable agreement with the 
theoretical                     correspondent for ferricyanide, as reported in [26, 27]. The 
observed discrepancy is due to the presence of the intercept on the ip vs. v
1/2
, which is 
followed from the improper potential start. 
The electrochemical signal of a bare platinum electrode has been recorded in an 
aerated 0.1 M acetate buffer, pH 4.6, containing 50 mM ABTS (Fig. 3.12). Cyclic 
voltammetry of the electrode at increasing scan rates was performed to determine whether 
the ion transfer to the platinum surface is a diffusion-controlled process. 
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Fig. 3.12. CV of bare platinum disc electrode in 50 mM ABTS in 0.1 M acetate buffer pH 
4.6. Dependency of the peak current on increasing scan rate: 10 mV s
-1 
(black line); 20 
mV s
-1 
(red line); 30 mV s
-1 
(blue line); 40 mV s
-1 
(green line); 50 mV s
-1 
(magenta line). 
Potential recorded vs. Ag/AgCl (3 M KCl). 
 
In a similar manner to K3Fe(CN)6, the electrochemistry of 50 mM ABTS on 
platinum electrode indicated enhanced current values corresponding to increased scan 
rates (Fig. 3.12) suggesting that the response of the mediator may be diffusion-controlled. 
The potential of the oxidation and reduction peaks for ABTS recorded at 0.01 V s
-1
 
were 0.54 V and 0.435 V, accordingly. The calculated     was determined as 105 mV, 
which is nearly twice the theoretical value of 59 mV for a single electron transfer process. 
The recorded discrepancy may be attributed to the impeded electron transfer in the 
solution due to the nature of the buffer and employed experimental conditions (e.g. pH and 
temperature). 
In order to confirm the limiting effect of diffusion on the overall rate of redox 
processes, the square root of the scan rate has been plotted against the oxidation peak 
current as shown in Fig. 3.13. 
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Fig. 3.13. Linear relationship of the peak current and the square root of the scan rate for 
50 mM ABTS in 0.1 M acetate buffer pH 4.6 on bare Pt disc electrode. 
 
A linear dependency of the oxidation peak current,    on the square root of the scan 
rate,  
 
 ⁄   (Fig. 3.13) suggested that the reaction is governed by the diffusion of ABTS 
species to the electrode surface, however the large peak separation indicated additionally a 
slow electron transfer and to certain extent, kinetic limitations. 
The diffusion coefficient of ABTS has been calculated as shown in Eq. 3.3 using 
the transformed Randles-Sevčik equation (Eq. 3.1), under the assumption of the 
reversibility of the ABTS redox reaction. Here: 
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Diffusion coefficient of ABTS (     ) calculated from the slope of the linear 
relationship of the    and  
 
 ⁄   gave                                     . This is in a 
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good agreement with the expected literature equivalent of                   [28] for 
ABTS. 
The electrochemical response of glucose oxidase modified gold disc electrode has 
been studied in 0.1 M phosphate buffer pH 7.0 in the presence of 20 mM glucose and 5 
mM K3Fe(CN)6 in. The solution has been purged with nitrogen for 20 mins, prior to the 
measurement, to remove the interfering oxygen. The enzymatic activity of GOX has been 
then compared to the signal of plain Au recorded in identical working conditions (Fig. 
3.14). 
 
Fig. 3.14. CV of gold in 20 mM glucose and 5 mM K3Fe(CN)6 in 0.1 M phosphate buffer 
pH 7.0. Response of bare Au (black line) and GOX modified electrode (red line); scan rate 
of 10 mV s
-1
. Potential recorded vs. Ag/AgCl (3 M KCl). 
As previously, the distorted shape of the CV response of bare Au electrode at more 
negative potential values is due to the improper choice of the starting potential, forcing the 
oxidation of Fe(CN)6
3- 
species, as opposed to their initial reduction by cycling the potential 
from 0.6 V back to 0 V. 
The electrooxidation of glucose by glucose oxidase has been catalyzed in the 
presence of a mediator molecule, K3Fe(CN)6. The reaction scheme is illustrated in Eq. 3.4. 
Glucose (red) + GOX (ox) → gluconolactone (ox) + GOX (red) + 2H
+
 
                                 
GOX (red) + 2 Fe(CN)6 
3-
(ox) → GOX (ox) + 2 Fe(CN)6
4- 
(red) 
 
109 
 
The oxidation peak currents of GOX modified gold electrode and bare Au, 
recorded in 20 mM glucose and 5 mM K3Fe(CN)6 in the supporting phosphate buffer, (pH 
7.0), have been recorded at 9.85 ± 0.29 µA and 6.42 ± 0.19 µA respectively. The 
aforementioned findings suggest that biofunctionalisation of the electrode by physical 
immobilization of glucose oxidase (drop-coating) results in an enhanced catalysis of 
glucose electrooxidation as compared to the intrinsic activity of bare metal. 
The electroreduction of molecular oxygen catalyzed by laccase immobilized on 
platinum disc electrode has been examined in aerated 0.1 M acetate buffer solution at pH 
4.6 in the presence of 50 mM ABTS. Prior to the measurement, the buffer has been 
exposed to the air for 20 mins to ensure sufficient amount of oxygen present. The current 
output was then compared to the signal of plain Pt (Fig. 3.15). 
As can be seen from Fig. 3.15, the peak currents for the electrochemical reduction 
of molecular oxygen by laccase functionalized Pt and bare metal electrode have been 
recorded as -1.83 ± 0.06 µA  and -0.80 ± 0.02 µA respectively. While this change may 
suggest the electroactivity of laccase towards O2 reduction, the wholesale shift in the CV 
curve suggests the effect of the bulk conversion of ABTS to its oxidized form rather at the 
start of the experiment, rather than an evidence for electrocatalysis of the reaction on the 
CV timescale 
Again, the atypical shape of the CV response on Pt electrode at more negative 
potential values is caused by an improper choice of the starting potential, where the 
oxidation of Fe(CN)6
3- 
species is preceded by their initial reduction if the potential was 
cycled from 0.6 V back to 0 V. 
Successful catalysis of the enzymatic reduction of molecular oxygen into water by 
laccase in the presence of ABTS as the mediator would follow the reaction defined by Eq. 
3.5.  
4 ABTS
2-
(red) + laccase (ox) → 4 ABTS
-
(ox) + laccase (red) 
                                  
4 H
+
 + laccase (red) + O2 (ox) → laccase (ox) + 2 H2O (red) 
 
 
 
The successful catalysis by GOX and laccase adsorbed on gold and platinum 
electrodes suggests that they can be effectively employed as bioanode and biocathode  
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Fig. 3.15. Cyclic voltammogram of platinum in response to oxygen measured in 50 mM 
ABTS, 0.1M acetate buffer pH 4.6. Response of bare Pt (black line) and laccase modified 
Pt electrode (red line) at a scan rate of 10 mV s
-1
. Potential vs. Ag/AgCl. 
 
systems in enzymatic biofuel cell applications, in static and potentially in microfluidic 
configurations.  
The open circuit potentials (OCP) for plain and enzyme modified electrodes have 
been recorded in respective buffer solutions (Fig. 3.16), in order to measure the potential 
driving force for the investigated enzymatic reactions. 20 mM glucose and 5 mM 
K3Fe(CN)6 phosphate buffer at pH 7.0 has been used for OCP measurements of gold and 
gold modified electrode, while the activity of bare and laccase functionalized platinum 
have been evaluated in 50 mM ABTS in aerated 0.1 M acetate buffer pH 4.6.  
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Fig. 3.16. Comparison of OCP values recorded for bare and enzyme modified electrodes 
in respective buffer solutions containing the substrate and mediator molecules. Bare Au- 
0.18 V; GOX modified Au- 0.34 V; bare Pt- 0.14 V; laccase modified Pt -0.41 V. OCP 
recorded vs. Ag/AgCl (3 M KCl). 
 
The open circuit potential measurements of enzyme modified electrodes confirmed 
increased OCP values as compared to bare gold and platinum (Fig. 3.16). The OCP 
increase for GOX/Au and laccase/Pt are indicators of much greater performance of the 
enzymatic half-cells. 
The classical approach to the biofuel cell design requires the use of a membrane to 
isolate the divergent half-cell processes occurring in the reaction system, in order for both 
catalysts to accomplish their biological functions without any loss of their enzymatic 
activity. In due course of this research work, a number of biofuel cell configurations 
employing various microfabricated SiO2 and Si3N4 semi-porous membranes have been 
investigated. The use of commercially available Nafion perfluorinated film has also been 
studied, due to its well established characteristics and suitable proton conductivity. The 
effects of the porosity and the source of the separation material on the cell performance 
have been determined.  
The performance of an assembled enzymatic biofuel cell, developed as part of this 
Ph.D. work, operating in substrate and mediator supplemented buffer solutions under 
112 
 
static conditions, has been therefore investigated with a number of porous silicon 
membranes and the OCP values have been recorded (Fig. 3.17).  
 
Fig. 3.17. OCP values for a glucose/oxygen enzymatic biofuel cell operating in static 
conditions utilizing a semi-porous insulating membrane to isolate the anolyte and 
catholyte compartments. Ø 5µm, 2900 pores- 0.28 V; Ø 5µm, 120 pores- 0.12 V; Ø 500 
nm, 390 pores- 0.06 V; Ø 150 nm, 390 pores- 0.03 V. OCP vs. Ag/AgCl. 
 
OCP readings of a fully assembled enzymatic biofuel cell operating in working 
buffer solutions have shown the correlation between the porosity of the membrane and the 
measured potential (Fig. 3.17). The OCP value for the highest porosity silicon membrane 
(2900 pores of Ø 5 µm diameter each) has been greater than that for 120 pores of Ø 5 µm. 
Moreover, the open circuit potential of the former showed dramatic increases when 
compared to Ø 500 nm 390 and Ø 150 nm, 390 pore arrays. The fundamental explanation 
supporting these findings is the fact that Ø 5µm 2900 pore array provides the highest 
surface area available for the mass transfer of hydrogen protons across the anode and 
cathode interface. H
+
 generated from the electrooxidation of glucose is further utilized by 
laccase in the catalytic process of oxygen reduction. Higher proton influx gives rise to 
greater O2 turnover, which completes the catalytic cycle and in turn results in a higher 
driving force for the enzymatic reactions within the cell. 
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The OCP of the enzymatic biofuel cell incorporating GOX and laccase catalysts 
has been compared to its non-enzymatic equivalent operating in the same working buffer 
solutions (Fig. 3.18). For the purpose of this study, the membrane of the highest porosity 
(Ø 5 µm, 2900 pores) has been employed. 
 
Fig. 3.18. OCP values for a biofuel cell operating in static conditions, non-enzymatic 
configuration (0.05 V) and GOX/laccase cell (0.283 V). Ø 5 µm, 2900 pore membrane has 
been used to separate the anodic and cathodic compartments. OCP recorded vs. Ag/AgCl 
(3 M KCl). 
 
The OCP measurements have been confirmed by chronoamperometric studies 
investigating the polarization curves of fully assembled enzymatic biofuel cells operating 
in working solutions under static conditions. The current produced as a result of the 
enzymatic electrocatalysis has been recorded at various potentials and normalized by the 
surface area of the electrodes (Fig. 3.19), yielding the current density (µA cm2).  
As illustrated in Fig. 3.19, the constructed prototype exhibited a characteristic 
polarization trend of the current drop with increased voltage when utilizing the highest 
porosity membrane (2900 and diameter of Ø 5µm). The dependency of the current on the 
applied potential for the Nafion film also seemed to have a linear tendency; however, the 
current output was significantly lower. The use of other silicon membranes drastically 
attenuated the performance of the cell. While the response in the presence of Ø 150 nm,  
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Fig. 3.19. Polarization curve for glucose/air miniature enzymatic biofuel cell utilizing 
GOX and laccase as anodic and cathodic catalysts; separation of the anolyte (oxygen-free 
20 mM glucose, 5 mM K3Fe(CN)6  0.1 M phosphate buffer pH 7.4) and the catholyte 
solution (50 mM ABTS 0.1 M acetate buffer pH 4.6 exposed to air for 20 mins) has been 
obtained with the aid of various membranes: Ø 5 µm, 2900 pores in SiO2 (black line); 
Nafion perfluorinated (green line); Ø 150 nm, 390 pores in Si3N4 (red line); Ø 5 µm, 120 
pores in SiO2 (blue line). Potential recorded vs. Ag/AgCl (3 M KCl). 
 
390 pores in Si3N4 varied only slightly, the current values for Ø 5 µm, 120 pore array 
fluctuated in what appears to be a random manner. The unexpected behavior of the 
microporous film might have been due to a blockage accidentally introduced at the 
membrane preparation step or a capillary action that prevented the fluid flow through the 
pores. The negative values of the current density obtained in the case of Ø 150 nm, 390 
pores in Si3N4 and Ø 5 µm, 120 pores in SiO2 membranes are most likely the result of an 
internal bias in the cell due to the pH difference between the anodic and cathodic 
compartments. 
The investigation of various silicon based membranes as potential separation 
materials for the anodic and cathodic compartments revealed promising results for 
microporous array films. While many proceeding biofuel cells employ Nafion films due to 
their durability, efficient proton conductivity and well characterized properties, in the light 
of the aforementioned results, the use of highly porous silicon membranes for the 
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assembly of miniature EBFC is however favored where higher current and power output is 
required. 
The power density of the constructed biofuel cell has been calculated for the 
highest porosity SiO2 membrane and Nafion separator based on obtained current density 
values and the applied voltage, as presented in Fig. 3.20. 
 
Fig. 3.20. Power density for glucose/air miniature enzymatic biofuel cell utilizing GOX 
and laccase as anodic and cathodic catalysts; 20 mM glucose, 5 mM K3Fe(CN)6 in 0.1 M 
phosphate buffer pH 7.4 anolyte solution and 50 mM ABTS 0.1 M acetate buffer pH 4.6 
exposed to air for 20 mins as the catholyte separated by various membranes. Ø 5 µm, 
2900 pores in SiO2 (black curve); Nafion perfluorinated (red line). Potential recorded vs. 
Ag/AgCl (3 M KCl). 
A distinctive bell-like shape of the power curve has been obtained when the 
enzymatic cell operated in the presence of the highest pore density membrane. The 
maximum power of 0.197 µW cm
-2
, recorded at 0.1 V, corresponds to performance of the 
constructed prototype greater than that reported for some existing biofuel cells [20]. 
 
3.4. Conclusions. 
 
 Rapid and continuous development of the architecture and operational 
methodology of the enzymatic biofuel cells have led to a significant improvement in the 
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power and energy efficiencies.  Substantial advantage has been contributed to a 
membrane-free approach and invention of an air-breathing cathode, leading to a single 
chamber design and a higher substrate turnovers. Nevertheless, for many applications, 
further enhancement in the device performance is still required. In order to employ 
enzymatic biofuel cells for electronic applications, high energy density fuels such as 
glycerol or ethanol are required. Issues related to the fouling of active surfaces and loss of 
enzymatic activities of biomolecules could be resolved by incorporating highly catalytic 
carbon electrode materials. In depth modelling studies encompassing mass transport, 
diffusion of species and reaction kinetics can greatly contribute to the current 
understanding of the bioelectrochemical reactions governed by enzyme catalysts. 
Carefully corroborated mathematical models can not only deliver useful information on 
the expected kinetic behaviour of the cell, but also accelerate the development of practical 
systems by providing theoretical background on device optimization. 
The rudimentary cell design proposed in this chapter enables conversion of glucose 
and oxygen in a very simple static configuration, employing commercially available and 
extensively explored enzyme catalysts, glucose oxidase and laccase. The electrochemical 
characterization of the assembled miniature biofuel cell revealed the current and powered 
densities of 1.97 μA cm−2  and 0.197 μW cm−2 which are greater than values obtained and 
published for some of the prevailing biofuel cell solutions [20, 29].  
The feasibility of a miniature enzymatic biofuel cell has been investigated in the 
prospects of transposing the design into an enzyme driven device operating in a 
microfluidic regime. The application of glucose oxidase and laccase as catalysts for 
glucose and oxygen conversion significantly increased the current and power densities of 
the constructed cell. Further optimization of the enzyme concentration and immobilization 
technique as well as the configuration and the working format of the cell are required. The 
findings presented in this chapter have been used as a supporting platform for the design 
and fabrication of microfluidic devices with potential prospects as biocompatible or 
environmental power sources.  
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CHAPTER IV 
MODELLING AND OPTIMIZATION STUDIES 
I don't demand that a theory correspond to reality because I don't know what reality is. 
All I'm concerned with is that the theory should predict the results of experiment. 
 
Stephen Hawking 
 
The final truth about a phenomenon resides in the mathematical description of it. As 
long as there is no imperfection in this, our knowledge of the phenomenon is complete. 
 
 Sir James Jeans 
 
4.1. Introduction. 
 
While the field of enzymatic electrodes for electrochemical biosensors is relatively 
well established [1, 2], the investigations into enzyme-driven biofuel cells are still at a 
relatively early stage of development.  As the reactions are complex and, in some aspects, 
not fully understood it means that most articles on enzymatic reactions and biofuel cells in 
the literature assume simplifications of the system [3]. It is believed that models of 
electrochemical cells, such as the polymer electrolyte membrane fuel cells (PEM) and 
batteries, can act as suitable prototypes for the design of their biofuel cell analogs [4]. A 
comprehensive review on the electrodes for sensing purposes and their significant overlap 
with those employed in fuel cell applications has been reported by Bartlett and co-workers 
[5]. 
Analysis of enzymatic biofuel cells reported to date mainly use well-known 
Michaelis – Menten expressions, discussed later in this chapter, supported by the material 
balance and mass transport conditions [6-8]. This method is generally accepted as the best 
description of enzyme kinetics provided a non-allosteric character of the biological 
catalyst (unresponsive to effector molecules).  Other less frequently reported approaches 
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include metabolic control [9] and statistical analysis [10]. Cell performances are typically 
analyzed using the current-voltage response under various operational conditions. Studies 
with additional focus on the optimization of the electrode configuration, fuel/oxidant 
composition [10], substrate utilization efficiency [6] and mass transport or kinetic 
limitations of the catalytic system [11] have also been performed. Computational analysis 
of the influence of the electrode and channel geometry in membraneless microfluidic 
biofuel cells has also been reported by a few research groups [12-15]. 
Depending on the mechanism of the electron transfer between the enzyme and the 
electrode surface, direct (DET) and mediated (MET) strategies can be considered. While 
direct electron transfer has a pure form of Michaelis – Menten kinetics, the MET 
incorporates an additional e
-
 shuttling molecule i.e. according to a two – substrate ping – 
pong mechanism. The majority of catalysts employed in biological cells demonstrate 
MET. 
Numerous enzymatic configurations have been considered in the literature, where 
the mediator and the catalyst were both free to diffuse across the membrane, or at least one 
of them has been immobilized at the electrode surface providing a direct oxidation of the 
enzyme at the electrode plane. As a general rule, for catalytic systems with co-
immobilized mediator and enzyme molecules, the diffusion coefficient of reactants 
corresponds to the diffusion of the charge, rather than a physical movement of the species 
through the matrix [1].  
Different catalytic species have characteristic rate constants, which govern the rates 
of production and dissociation of the enzyme-substrate complexes, formed transiently 
during the reaction. The first theoretical simulations of an enzymatic microstructured 
biofuel cell was published by Kjeang and co-workers in 2006 in their study on catalyzed 
conversion of methanol fuel [6]. In order to optimize a three-step oxidation of the alcohol, 
the group examined various enzyme patterning strategies including spatially – distributed 
or uniformly mixed along the electrode plane. High fuel utilization was calculated at low 
velocities of the flow and the reaction was kinetically controlled implying that system 
performance could be improved using catalytic species with faster rate constants. 
 
Estimates for these rates can be made by fitting theoretically generated cyclic 
voltammograms to experiment data as demonstrated in 2008 by Gallaway and co-workers 
in their one-dimensional numeric description of O2 reduction by laccase/Os-hydrogel 
modified electrodes [16]. The authors noted that the computed rate coefficients for the 
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laccase - oxygen reaction were lower when the catalyst was free in solution that when 
immobilized in the hydrogel.  
The following year, Tamaki et al. [17] proposed a model of GDH catalyzed 
oxidation of glucose on high surface area carbon electrodes coated with a layer of redox 
polymer. As indicated from their studies on varying the diffusion coefficient of charge 
through the polymer, the apparent electron diffusion is not a rate limiting step for the 
overall enzyme kinetics. According to the authors, current densities of up to 0.1 A cm
-2
 
could be potentially obtained at high surface area carbon black electrodes, provided 
increased catalyst loading and accelerated turnover rates [17]. 
One potential limitation of biofuel cell performance is an unequal utilization of the 
anodic and cathodic substrates with the slower half-cell governing the current production 
rate. This is usually attributed to difficulties achieving solutions which maintain a high 
level of O2 saturation. Modelling the effect of the O2 mass transport on the overall 
performance of a microfluidic catalytic system has been explored by Bedekar et al., where 
a decline in the oxygen levels at the electrode regions located further along the channel 
was recorded. [18]. This limits the length of the channel allowed for a given flow rate 
unless multiple oxidant inlets are used. Research into the effects of the oxygen model has 
been later expanded by Glykys et al. who considered a GOX and laccase based biofuel 
cell incorporating Osmium functionalized electrodes [9]. Provided sufficiently high levels 
of the mediator, various O2 concentrations had been found to have no effect on the kinetics 
of the catalysts. Additionally, the simulations revealed that under some conditions the fuel 
cell performance was governed solely by the operation of the anode.  
Recent work published by Osman and Shah were on models of a device 
incorporating glucose based anodes (GDH [7] and GOX [8]) and an air-breathing cathode 
separated by a Nafion membrane based on a Michaelis – Menten reaction mechanism. The 
distribution of the enzyme concentration and the values of electrochemical rate constants 
for the mediator and oxygen reactions were determined by fitting experimental current-
voltage curves. Steady state polarization curves were in a very good agreement with the 
empirical data but the dynamical response did not match as well. Enzyme poisoning in the 
presence of dissolved oxygen, prediction of the anode and cathode over-potentials and the 
dependency of the cell performance on the local pH of the anolyte solution were also 
discussed. The electrical output of the cell was found to be strongly dependent on the mass 
transport limitations associated with the mediator species [8].  
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Considering the above results altogether, it is clear that the exact mechanisms 
underlying the reaction are not understood at a fundamental level in terms of how the 
enzyme reaction occurs and the effects of changing operational conditions can only be 
observed at a macroscopic level. Depending on the exact cell design, species 
concentrations, electrode shape and even external factors like the ambient temperature, 
which affects the enzyme activity, any component of the system could be the rate limiting 
factor.  
Overall, the work in this chapter is performed in order to inform subsequent device 
design for maximum performance as well as to gain understanding of the catalytic 
processes occurring in enzymatic systems. In addition to knowledge gained from the 
literature, custom simulation work is performed and a framework for further studies is 
constructed. 
First, the basic principles of the enzymatic microfluidic biofuel cell are described 
including some of the novel aspects of this design. Next, the behavior of the flow is 
studied for various velocities using Computational Fluid Dynamics in order to improve the 
separation between the fuel and oxidant species feeding the reaction. Using the mass 
transport of a simple fuel (glucose) and its consumption via simulated redox reactions, 
different electrode geometries and channel dimensions are assessed in terms of the 
optimum fuel utilization. Desired flow properties include minimal mixing between the 
anolyte and catholyte compartments to prevent enzyme denaturing due to differing 
optimum pH levels in each flow and fuel utilization along the entire length for the 
maximum efficiencies.  
Collectively, accounts on microbial [19-21] and enzymatic [1, 6-8, 16, 17, 22-24] 
biofuel cells explain a significant amount of the bioelectrochemical processes occurring at 
the electrodes but a comprehensive understanding is still lacking.  Although Osman and 
Shah’s papers [7, 8] investigated the fluid flow and factors potentially limiting the enzyme 
kinetics, the transitory enzyme-substrate and enzyme-mediator complexes were not. To 
date, the only model which accounts for any transitory complex is that reported by Wu et 
al. [25] although that work only includes the enzyme-substrate complex and omits the 
enzyme-mediator. The authors employed a potential-step method in order to evaluate the 
dynamic processes occurring in an anodic half-cell. The numerical analysis demonstrated 
that at higher potential values, the reaction rates dominated the diffusion effects and that 
the electrochemical processes were limited by the mass transfer of species.   
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Finally, a modified Michaelis – Menten type system which includes both enzyme 
complexes is investigated with a view to understanding the operational mechanisms of the 
biofuel cell and to understanding the effect of the complexes on the reaction dynamics. 
Both limited fuel and diffusion supported reactions are considered and the effect of 
catalytic rate constants, the membrane thickness and the bulk concentration are all studied. 
Simulated cyclic voltammograms are used to state some general design rules for the 
reaction portion of the fuel cell 
As the general understanding of the devices in the biofuel cell community 
increases, more integrated models will be reported which consider all of the competing 
effects, including enzyme chemistries [26], new methods, materials and  electrode designs. 
The complex nature of such a system will prevent simple conclusions being drawn so that 
simplified and approximate systems will always be useful. 
 
4.2. Fundamentals of the microfluidic enzymatic biofuel cell. 
 
The microfluidic cell under investigation is comprised of two main structural 
components: the microfluidic channel for the supply and distribution of the fuel and 
oxidant streams and the metal electrodes located at the bottom of the flow geometry used 
for the catalytic conversion of provided species (Fig. 4.1).  Here, the fuel (on the anode) 
and oxidant (on the cathode) solutions are delivered to the cell through separate inlets, 
flow through the channel in a laminar manner without mixing and are withdrawn from the 
cell through a common outlet point. The bottom of the channel is patterned with gold 
anodes and platinum cathodes coated with a polymer film incorporating enzyme molecules 
for the catalytic oxidation and reduction of the provided fuel and oxidant, accordingly 
(Fig. 4.2).  
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Fig. 4.1. Schematic of the microfluidic cell composed of the flow channel and two types of 
metal electrodes patterned at the bottom of the microfluidic geometry: anodes for the 
catalytic oxidation of the fuel and cathodes for the enzymatic reduction of the oxidant 
 
Fig. 4.2. Schematic of the channel cross-section representing the polymer film with 
immobilized enzyme molecules and the diffusion of glucose and O2 towards the surface of 
the anode and cathode, accordingly. The direction of the fluid flow away from the reader 
is indicated by a cross in a circle; h represents the height of the channel cavity.  
 
In principle, the polymer layer can be selectively deposited on the electrode surface 
following the assembly of the cell. This could be achieved in a process, known as 
electrodeposition, whereby filling the channel with a solution of an appropriate 
electroactive monomer and applying a suitable potential, a polymer coating of a 
controllable thickness is formed selectively at the electrode. The catalyst present in the 
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initial solution becomes incorporated in the polymer matrix and co-deposited at the 
electrode. As the process can be carried out in flowing conditions, any excess or unused 
catalysts can be recycled and employed in the deposition in subsequent devices. In this 
study, buffered glucose and oxygen saturated solutions have been considered as the 
simplest case of the anolyte and catholyte substrates, respectively. Both solutions flow in 
parallel to the electrode film, however glucose and oxygen carried by the fluids are able to 
diffuse in a perpendicular direction, towards the enzymatic layers. Once the species reach 
the vicinity of the electrodes they are converted by the protein catalysts immobilized at the 
metal surfaces. The species generated as a result of the enzymatic reactions are washed 
away by the motion of the fluid and are collected as waste at the channel outlet. The 
applied fuel flow prevents the built up of the reaction product and its potential role in the 
feedback inhibition of the enzyme.  In order to avoid confusion, a distinction must be 
made between the two common uses of the term membrane. Regarding this microfluidic 
cell, membrane refers to a polymer layer which immobilizes the catalysts at the electrode 
surface. In other works it is a name given to a physical separation between the fuel and 
oxidant solutions. 
Since various enzyme catalysts require different optimum working conditions (i.e. 
pH, ionic strength, temp.), fluid cross-over could result in enzyme denaturation and 
therefore, the isolation of the anodic and cathodic solutions is often essential to maintain 
their activity. As membraneless designs lack a physical separation of the fuel and the 
oxidant streams, an undesirable mixing of species can occur across the fluid interface. In 
this regards, one of the key features of this microfluidic system is its ability to maintain the 
laminar regime and minimized mixing of the adjacent flows. One of the parameters 
affecting this is the design of the channel inlet, due to its effect on the laminarity of the 
flow introduced into the channel. In principle, parallel supply of the fuel and oxidant 
should provide the least turbulent entry and hence the most efficient separation of the 
fluids in the channel. Nevertheless, in order to provide the solutions to the channel, a 
feeding system needs to be established. In the laboratory conditions, the fluid and oxidant 
streams for microfluidic cells are traditionally provided by a pump via two separate 
syringes connected to the channel inlets through Teflon tubing, as shown in Fig. 4.3. As 
the typical diameter of the tubing is 1.6 mm, in order to accommodate two individual 
connections, a separation of the inlet points is essential from the practical perspective. In 
this light, the modelling approach reported in the literature focusses primarily on two main 
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geometries of the channel inlets: classical Y [27] and the less recurring T-shape [28]. 
Since the T-shaped channel design was reported to aid microfluidic mixing [29], the Y 
geometry was selected for a practical reason of maintaining the laminar flow of the fluids. 
The chosen separation of the inlets was a compromise between the ideal parallel inflow of 
species at 0 ° and the technical requisite for the tubing connections. Fig. 4.4 demonstrates 
impeded mixing of glucose (fuel) and plain buffer (oxidant) solutions in the proposed 
geometry of the Y-shaped channel. In the study the fuel was provided only to the anodic 
compartment, indicated in red, (plain buffer in the cathodic component) and the evolution 
of the flow along the channel length was studied in order to assess the degree of cross-
stream mixing. The widths of the main body of the channel and the inlets were 200 µm 
and 100 µm accordingly. The concentration of the anolyte glucose was assumed to be 2 
mM, while the amount of the substrate in the catholyte solution was 0 mM (indicated in 
blue). The velocity of the modelled flow was 1.3 mm s
-1
.  
Since the model is composed of two relatively autonomous units, the investigation 
of the fluid flow in the channel and the enzymatic reactions at the electrodes can be 
performed independently of each other. Two studies have been investigated in this section: 
the analysis of the velocity of the flow in the channel and the electrode geometry (number, 
distribution and dimensions of the electrodes). Since the considered cell does not have a 
physical membrane separating the fuel and oxidant solutions, the emphasis of this work 
was to find flow rates, which would facilitate a laminar flow between the streams and 
therefore limited mixing of species. Additionally, as the device is intended to act as a 
biofuel cell the studies of various electrode geometries are expected to provide a 
recommendation of the metal design resulting in a maximum fuel efficiency. 
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Fig. 4.3. Images representing the microfluidic cell connected to the pump system supplying 
the fuel and oxidant solutions. For visualization purposes two different fluids were 
pictured: plain transparent buffer and an aqueous solution supplemented with a red dye. 
The required use of tubings determines the minimal separation of the inlet entries. 
 
 
 
 
 
 
 
Fig. 4.4. Effective separation of the fuel and oxidant solutions in a Y-shaped channel 
geometry. Width of the channel: w = 200 µm, the velocity of the flow: u = 1.3 mm s-1 and 
glucose concentration [Glucose] = 2 mM (red stream). Indicated in blue is a zero 
concentration of glucose in the catholyte compartment. 
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The simulations were performed using commercial computing software, COMSOL 
Multiphysics. COMSOL is a numerical solver, which relies on a finite element analysis 
(FEM) of a given system described by a series of applicable partial differential equations 
(PDEs). Under (FEM), the three-dimensional geometry of the model is subdivided into a 
limited number of spatial elements in a process called meshing. The set of PDEs, which 
governs the entire system, is solved independently in each mesh element and the influence 
of neighboring spatial components is taken into account at the shared elemental 
boundaries. The condition at the mesh boundaries continuously updates until no change in 
time is observed and the system reaches its steady-state. Fig. 4.5 illustrates a schematic 
meshed channel and electrode geometry. In general, smaller features require finer mesh 
elements and yields in higher resolutions and more accurate results of the modelling. Finer 
mesh, although typically preferred in simulations, leads to extended computational times, 
due to higher number of required calculations. 
 
Fig. 4.5. Graphical representation of sample mesh sizes: fine (top) and coarse (bottom) 
used in the COMSOL modelling of small and larger features accordingly. 
 
In a classical micro-scale environment the bodily forces are dominated by the 
surface tension and the fluid is considered incompressible, indicating no change of volume 
with applied pressure or stress [30]. In that case, the velocity field can be calculated using 
two partial differential equations, Incompressible Navier-Stokes (Eq. 4.1) and continuity 
(Eq. 4.2), at their steady-states [28]. 
 
                                           (   )    [     (   (  ) )]                                
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Here,   and   denote the density (kg  m-3) and viscosity of the fluid (Pa s),   is the 
velocity of the flow (m s
-1
), p stands for the pressure (Pa), T and I are respective 
transposed and identity matrices. 
Depending on the origin of the reacting species carried by the fluid motion, the 
flow can be solved on two ways. If a change in solute concentration does not affect the 
density and viscosity of the fluid, as is in the considered case, Incompressible Navier-
Stokes and mass balance equations can be solved consecutively. However, when the 
viscosity depends on the concentration of molecules, typically in solutions containing 
larger species, an adaptive correction term [31] needs to be implemented in the original 
formula. 
The velocity field, previously determined by Incompressible Navier-Stokes 
equation, can be employed in the modelling of the mass transport phenomena in the micro-
scale domain. As discussed in Appendix A, the transport of species within the microfluidic 
channel occurs by means of convection and diffusion [32], with the latter being essential 
for the replacement of the  substrates consumed by the reaction at the vicinity of the 
electrodes and occurring in a direction transverse to the flow.  
If, as in our case, the concentrations of reactants are sufficiently low, the interactions 
between different solute species can be disregarded and diffusion rates are assumed to be 
linearly proportional to the concentration gradients. In general, the fluidic system under 
consideration is assumed to be isothermal and the differences in pressure are not large 
enough to influence the diffusion coefficients of investigated species. Based on the 
assumption of constant concentrations and diffusion coefficients, the distribution of the 
fuel and oxidant can be described by Fick’s law: 
 
                                                            (       )                                                          
 
Here, D denotes the diffusion coefficient (m
2
 s
-1
); c represents the local concentration of 
the reactants (mol m
-3
) and   is the velocity of the flow (m s-1).  
In the model, a number of relevant boundary conditions were applied to the walls 
of the simulated domain. These incorporated: a constant velocity of the flow at the channel 
inlets; an assumption of a natural discharge of the outlet to the atmospheric pressure (no 
external force applied) and a no-flow of the fuel through the channel walls, constricting 
the fluid motion within the main body of the channel only (Eq. 4.4). Additionally, the 
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presence of the electrodes at the bottom of the channel was assumed negligible in the fluid 
motion and hence the flow of the fuel and oxidant has been set to continue into the 
electrode subdomains. The symmetry boundary has been applied at the horizontal plane, 
defining the top and bottom of the flow channel, implying that a velocity component in the 
direction normal to the surface equals zero (Eq. 4.5). 
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Here, t = time (s),   refers to the velocity of the flow (m s-1), n is a direction normal to the 
plane. 
A uniform concentration, c0, has been applied at the channel inlets with a 
convective flux condition being assumed at the outlet (no external force applied) (Eq. 4.6). 
In addition, an insulation boundary condition (Eq. 4.7) has been assumed at the channel 
walls, confining the transport of species solely to the channel cavity. 
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4.3. Investigation of the velocity of the flow and the electrode geometry. 
 
The classical Y-shaped design channel considered in this study was defined by five 
parameters: the length of the main body (L) and the inlets (l), the angle between the fuel 
and oxidant entry points (α), the height (h) of the channel (Fig. 4.4) and the width (w) of 
the flow geometry, as shown in Fig. 4.6. For the purpose of this work, L and l were 
selected to be 15 mm and 1.5 mm respectively, h was fixed at 150 µm. These values were 
based on the practical limitations of the fabrication processes and the requirement for 
small scale features. This is due to the fact that smaller structures require lower pumping 
pressure in order to introduce the fluids into the geometry and to maintain the velocity of 
the flow. While only two w values were considered theoretically (w = 200 µm and w = 
131 
 
600 µm), a number of channel geometries with varying widths (200 µm -1000 µm) has 
been fabricated, as discussed in Chapter V, and were investigated experimentally. 
 
Fig. 4.6. Geometry of the microfluidic channel considered in the study, where L and l 
indicate lengths of the main body and the inlets, w is the width and α is the angle between 
the entry points. The height of the channel is not indicated on the diagram. 
 
This section considered two fundamental studies of the microfluidic cell. The 
demonstration of a laminar flow in a channel of w = 200 µm and studies of the effect of 
various fluid velocities on the degree of internal mixing are presented at first. Second part 
of this work focused on the investigation of diverse electrode geometries on the fuel 
consumption within the channel and aimed to determine the metal design, which would 
facilitate the maximum efficiency of the cell. 
 
4.3.1. Velocity of the flow. 
 
The influence of the flow velocity, u, on the distribution of glucose and oxygen 
solutions within the channel has been investigated using parameters enclosed in Tab. 4.1. 
Since the considered cell is intended to act as a platforms for future generation of biofuel 
cells, the concentrations of the fuel and oxidant employed in the study have been obtained 
from the literature and were based on the physiological values reported in blood [33, 34]. 
The velocities selected for oxygen were higher than for glucose, due to its faster diffusion 
coefficient, facilitating increased degree of cross-over and internal mixing. Since the 
concentrations of the considered species were relatively low and both solutions were 
buffers (aqueous based), the physicochemical parameters of the fluids were assumed to be 
the same as for pure water. As the model assumed diluted fuel and oxidant, the viscosity 
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and density of the corresponding anolyte and catholyte solutions were taken to be 
unaffected by the glucose and O2 levels and hence have been fixed at constant values. The 
diffusion coefficients for glucose [35] and O2 [36, 37] in aqueous samples have been 
obtained from the literature. 
 
Tab. 4.1. Numerical values of the parameters used in the simulation of the mass-transport 
of species in the microfluidic channel. 
Parameters of the flow 
[Glucose]  1 – 5 mM uglucose  0.5 - 1.4 mm s
-1
 
Dglucose  6.9 x 10
-10
 m
2
 s
-1
 uoxygen 1 - 10 mm s-1 
[O2]  
1 - 2.9 mM Inlet pressure  2 Pa 
Doxygen  
1.7 x 10
-9
 m
2
 s
-1
 Channel width (w)  200 , 600 m 
Density  1000 kg m
-3
 Channel height (h) 150 m 
Viscosity  0.001 Pa s Channel length (L)  15 mm 
 
 
The influence of the velocity of the flow on the distribution of species at the 
channel cross-section was studied for 1 mM oxygen and is illustrated in Fig. 4.7 a) and b). 
In the model, two buffered solutions were simultaneously supplied to the channel via 
separate inlets: O2 saturated catholyte (left channel compartment) and plain anolyte buffer 
(right side of the geometry). Two input velocities were considered: 1.5 mm s
-1
, as shown 
in Fig. 4.7 a), and 10 mm s
-1
, depicted in Fig. 4.7 b). The flow of both streams was 
predicted based on the simulation results and the distribution of oxygen was analysed at 
the mid-point of the channel length (L= 7.5 mm) and demonstrated for half the height of 
the channel (h = 75 µm).  As the presence of the electrodes does not contribute 
significantly to the motion of the fluid, the effect of the anodes and cathodes patterned at 
the bottom of the channel on the flow was not taken into account in this study. The semi-
parabolic distribution of O2 in the cathodic stream is due to the cross-section obtained for 
half of the channel height. 
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As can be seen from Fig. 4.7, increased velocities of the flow provide better 
separation of the oxidant and fuel streams by reducing the time at which the species 
occupy the channel locally and hence minimizing the degree of mixing. This is in contrast 
with larger cross-over effect observed at a slower flow rate. 
 
 
Fig. 4.7 a) Distribution of O2 in a 200 µm channel, at a 1.5 mm s
-1 velocity, represented at 
the cross-section of its geometry at L=7.5 mm.  
 
 
Fig. 4.7 b) Distribution of O2 in a 200 µm channel, at a 10 mm s
-1 velocity, represented at 
the cross-section of its geometry at L=7.5 mm. 
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The influence of the velocity and the input glucose concentration supplied to the 
anodic inlet of the channel, on the distribution of the substrate within the flow geometry 
have been evaluated by plotting the concentration profile of glucose computed at a channel 
cross-section taken at L= 10 mm (10 mm along the length) and at h = 75 µm. Fig. 4.8 
illustrates the internal mixing at various u, when 2.5 mM was initially provided to the 
channel. The effect of various [Glucose]Inlet and a constant velocity of 1 mm s
-1 is 
illustrated in Fig. 4.9. The position 100 µm on the x-axis indicates the mid-point of the 
channel where a theoretical interface between the anodic and cathodic compartments 
exists. 
 
Fig. 4.8. The influence of the velocity of the flow on the distribution of glucose across the 
channel at L=10 mm. [Glucose]
Inlet
 = 2.5 mM; 
 
Spatial distribution of glucose, depicted in Fig. 4.8, confirms the previous 
statement that lower velocities of the flow resulted in faster mixing of the anolyte and 
catholyte solutions, while higher rates of the fuel transport provide accelerated movement 
of particles in the direction of the flow, minimizing the diffusion effect across the channel 
width. The lack of symmetry about the mid-point of the channel is most likely due to a 
flux boundary condition generating a non-zero gradient at x = 0.  
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Fig. 4.9. Dependency of the [Glucose]
Inlet
 on the concentration profile of the species at 1 
mm s-1 velocity. 
 
As demonstrated in Fig. 4.9., 5 mM glucose although yielded in overall greater 
concentration of species in the cathodic compartment of the cell, demonstrated lower 
mixing (29 %) than when 1 mM concentration of fuel was initially supplied to the channel 
(33 %). This result suggests the dependency of the mixing rate on the input [Glucose]Inlet 
and needs to be accounted for when optimizing the cross-over effects. As previously, the 
non-zero gradient at x = 0 is due to a flux boundary condition, resulting in the material 
possibly being lost across x= 0. 
The evolution of the spatial profile of glucose along the flow geometry has been 
studied for 3 mM input concentration and at u = 1.3 mm s-1. The profiles of the fuel taken 
at fixed points across the channel are plotted in Fig. 4.10. As previously, position 100 µm 
on the x-axis signifies the mid-point of the channel separating the anolyte (right) and the 
catholyte compartments (left). 
Studies of the concentration of the substrate as a function of the distance from the 
inlet (Fig. 4.10) demonstrate that at given parameters of the model the distribution of 
glucose further down the channel shows increased mixing effect between the oxidant and 
fuel solutions. The onset of the cross-over is detectable as early as at L= 2 mm, with a near 
complete homogeneity of both flows obtained at the offset of the channel (L = 14 mm). 
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This suggests that in order to further minimize the magnitude of mixing, increased 
velocity should be investigated. Since the position 100 µm signifies the mid-point of the 
channel separating the anolyte and catholyte compartments, thus exactly this location can 
be recommended as the minimum distance for the electrode positioning in the bio-fuel 
cell. As in Fig. 4.8, the lack of symmetry about the mid-point of the channel is most likely 
due to the flux boundary condition resulting in a non-zero gradient at x = 0.  
 
Fig. 4. 10. Distribution of glucose at different cross-sections of the channel evaluated for 
[Glucose]
Inlet
 = 3 mM, u = 1.3 mm s-1. 
 
4.3.2. Electrode geometry. 
 
  The rate of consumption of the fuel and oxidant in a microfluidic biofuel cell 
determines the generated current and power outputs and hence the overall electrical 
performance of the device. Since the energy conversion occurring within the channel of 
projected cells is catalyzed by enzymes immobilized at the electrodes, the geometry and 
the spatial distribution of the anodes and cathodes patterned at the bottom of the flow 
channel is of particular importance. This is due to the fact that the efficiency of the 
biochemical reactions is dependent on the surface area available to the catalyst (enzyme 
load) and the sufficient diffusion of the substrate towards the electrode. 
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Theoretical investigation of the fuel and oxidant consumption at the electrodes 
provides the distribution profiles for both species within the microfluidic channel and 
enables further optimization of the geometry of the cell (e.g. electrode design) and 
parameters associated with the fluid motion e.g. velocity of the flow.  
In order to understand the influence of the electrode layout on the species 
consumption in the microfluidic channel, two main designs have been considered: single 
electrode geometry, presented in Fig. 4.11 a), and an electrode composed of a series of 
regularly distributed active elements, as shown in Fig. 4.11 b). Physical separation of the 
anodes and cathodes enables independent studies of the fuel and oxidant reactions. 
 
Fig. 4.11. Schematic illustration of the main electrode layouts considered in the study: a) 
single and b) dispersed. The gap within the geometry indicates a physical separation of 
the anodes and cathodes. 
 
For simplification, initial studies of the catalytic reactions within the microchannel 
did not consider the presence of the enzyme and assumed the process was solely governed 
by the diffusion of species. The model applied a hypothetical condition of a maximum 
species turnover, indicated by a zero concentration of the substrate at the electrodes. This 
implied that the moment the fuel or oxidant reached the active surface it was entirely 
consumed by the reaction. This assumption simplified the computations; however it can 
only be applicable in an ideal scenario, where the reaction rate is independent of the 
enzyme properties and governed by a fast transport of species to the electrode surface. In 
real life applications, the catalysis, while still dependent on the diffusive mass transport of 
the substrates, obeys the principles of enzyme kinetics and thus often leads to an 
a)              b) 
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incomplete substrate conversion. In this case the concentration of species at the electrodes 
is typically greater than zero. While the scope of this work is to obtain a catalytic system, 
which is not limited by the electrode design, the consideration of the ideal kinetics is 
useful in this case. 
In order to study the influence of the electrode geometry on the efficiency of the 
fuel and oxidant conversion, the model had to be additionally supplemented with a system 
of initial and boundary conditions, schematically depicted in Fig. 4.12. 
 
Fig. 4.12. Boundary conditions employed for the simulations of the fuel and oxidant 
consumption within the channel. Assumption of the zero-substrate concentration at the 
electrodes applies. 
 
Theoretical investigation of the two hypothetical electrode designs, illustrated in 
Fig. 4.11, has been carried out for glucose solution supplied to the channel at a velocity of 
1.3 mm s
-1 
and the computed two dimensional concentration profiles of the fuel have been 
presented in Fig. 4.13. The concentration of glucose applied in the study was 2.5 mM. 
The simulation studies indicated that a single electrode allocated at the bottom of 
the flow channel, as shown in Fig. 4.13 a), results in an accelerated consumption of 
glucose and a progressive development of a depletion layer along the length of the 
geometry, indicated by a gradual diminution of the red band (glucose). Provided the 
presence of the enzyme immobilized at the electrode, the catalyst allocated in the farther 
139 
 
parts of the microfluidic channel would in that case be deprived of the fresh supply of the 
substrate and the biological potential of the species would not be optimally utilized. 
 
Fig. 4.13. Glucose concentration profiles for two electrode design patterned at the bottom 
of the flow channels: a) single electrode and b) electrode broken down into series of 
regularly distributed smaller features. [Glucose]
Inlet
 = 2.5 mM, u = 1.3 mm s-1. [Glucose] 
= 2.5 mM (deep red) and [Glucose] = 0 mM (deep blue). 
 
This suggests that the analysed design would be most applicable for high 
concentrations of the species, in the case where the efficiency of the reaction is not 
restricted by the level of the fuel or oxidant and where the maximized total current and 
power is required. This is particularly relevant when the substrate is continuously 
replenished or provided into the channel through multiple inlet points. Conversely, higher 
density of electrode patterning, illustrated in Fig. 4.13 b), yields in slower glucose 
consumption, due to smaller dimensions of the features. Spatial distribution of the 
electrodes at the bottom of the channel separates the adjacent reactions and the inter-
electrode distance minimizes the potential overlap of the diffusion layers. The reactive 
species can easily access the gap between the electrodes and enter the reaction zone in a 
more efficient manner, therefore resulting in a better distribution of the fuel along the flow 
geometry, hence providing improved current and power densities. The investigated 
discrete distribution of the electrodes can have a prospective application in the energy 
harvesting from physiological samples, where the organic fuels and oxidants are present in 
limited concentrations and the reaction rate is limited by the amount of available species. 
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For highly concentrated fuels and oxidants, which are ideal candidates for the 
substrates utilized in biofuel cells, a double-electrode configuration has been evaluated, as 
presented in Fig. 4.14 b), in order to study the effect of the additional reaction surface on 
the distribution profile within the channel. The model assumed the presence of two 
continuous electrodes, top and bottom, located in a 600 µm wide flow channel. 
Concentration of glucose supplied at the inlet was 5 mM and the modelled velocity of the 
fluid was set to 0.8 mm s
-1
.  As, in general, wider geometries maintain the laminar flow of 
fluids at lower flow rates, smaller u was assumed in this study, considered three times 
higher w of the channel. The investigation of a single-electrode geometry has been 
presented in Fig. 4.14 a) for comparison. 
 
Fig. 4.14. Concentration profiles for glucose in a microfluidic channel of a width  
of 600 μm and height = 150 μm for: a) single and b) double electrode layouts. 
[Glucose]Inlet = 5mM, u = 0.8 mm s
-1
. [Glucose] = 5 mM (deep red), [Glucose] = 0 mM 
(deep blue). 
 
As corroborated from the theoretical investigations, the double-electrode 
configuration, presented in Fig. 4.14 b), triggers accelerated glucose consumption and 
leads to an almost immediate depletion of the substrate at the electrode onset, indicated by 
the increase in the blue band. These results are in agreement with the pervious simulations 
and suggest the potential application of the top and bottom geometry in the utilization of 
highly concentrated fuels. Additionally, the length of the electrode geometry needs to be 
optimized with respect to the enhanced catalytic rate and is expected to be shorter than 
what is required for a single electrode design, enabling device miniaturization.  
The influence of the flow rate and the channel dimensions on the rate of 
consumption of species by the reactions at the electrodes has been studied in 3D physical 
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models incorporating a discrete electrode patterning at the bottom of the flow channel. The 
choice of the geometry was determined by the fact that inter-electrode distance provides 
better distribution of the species (Fig. 4.13) and that the majority of fuels and oxidants 
obtained from physiological samples are characterized by limited concentrations of the 
substrates. The study was based on the investigation of a 1 mM glucose stream in the 
anolyte compartment of a microfluidic channel at 150 µm height and 600 µm width 
appropriately. Plain buffer, with a zero glucose concentration has been assumed as the 
cathodic component. The inter-electrode gap was set to 50 µm and the velocity of the 
modelled flow was assumed to be 1 mm s
-1
. The distribution profiles of glucose computed 
from the model have been presented at two channel cross-sections for half of the channel 
height (h = 75 µm), at the onset (L = 5 mm) and at the end (L = 11 mm) of the geometry, 
as depicted in Fig. 4.15 a) and Fig.4.15 b) respectively. 
The diminishing concentration of the fuel in the remote parts of the channel, shown 
in Fig. 4.15 b) is indicative of a progressive consumption of glucose by the reaction at the 
electrodes distributed along the channel. Furthermore, a higher degree of cross-stream 
mixing can be detected at L = 11 mm as compared to L = 5 mm, as the fuel is given more 
time to diffuse to the cathodic compartment of the modelled design. In the light of these 
results, in order to improve the separation of the oxidant and fuel in a studied 15 mm long 
channel, greater distance between the electrodes and higher velocity of the flow need to be 
implemented. This is in agreement with the previous study on the channel design, where a 
suggested electrode location was 100 µm apart and a low degree of mixing was obtained at 
u = 1.3 mm s
-1
 (Fig. 4.8). The semi-parabolic distribution of glucose in the anodic stream 
is due to the cross-section demonstrated for half of the channel height. 
Based on these simulation results and as presented in Chapter V, 100 µm was 
selected as the distance between the anodes and cathodes for all electrode geometries 
fabricated in the course of this Ph.D. work. 
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Fig. 4.15 a) Concentration profile for glucose at the electrode located 5 mm into the 
microfluidic channel of a width of 600 μm and height of 150 μm. [Glucose]Inlet = 5 mM, u 
= 1 mm s
-1
. A scale bar for glucose concentration (mM) is given in the inset. 
 
   
Fig. 4.15 b) Concentration profile for glucose at the electrode located 11 mm into the 
microfluidic channel of a width of 600 μm and height of 150 μm, 1 mm s-1 velocity. 
[Glucose]Inlet = 1 mM, u = 1 mm s
-1
. A scale bar for glucose concentration (mM) is given 
in the inset. 
 
4.4. Modelling of the enzyme kinetics. 
 
In this section, the enzyme kinetics of two relevant systems was considered: the 
isolated and diffusion-controlled catalysis. The objective of this work was to increase the 
understanding and aid experimental interpretation of the reaction within the enzymatic 
membrane of the functional biofuel cell. Unlike the reaction system considered in section 
4.3, where a zero-concentration of the substrate was assumed at the electrodes, the 
application of the enzyme kinetics would enable more accurate representation of the 
dynamics in the polymer layer. 
To begin, it was necessary to construct a system of differential equations, which 
correctly describes the occurring dynamics. Then, with appropriate boundary conditions, 
the isolated system which does not feature substrate replenishment was investigated. 
Different stages of the reaction were identified and discusses as well as the effect of the 
variation of the catalytic constants, kcat and km. Finally, the complete diffusion-supported 
system was considered including the effect of the membrane thickness and the 
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concentration of the bulk substrate. Computed cyclic voltammetry data was employed to 
identify the cell performance. 
 
System rate equations 
 
The physical model of the catalytic layer was composed of two distinct elements: a 
redox polymer membrane of a thickness w coated onto a solid electrode of a length L (Fig. 
4.16).  
 
Fig. 4.16. Schematic of the reaction layer including the initial boundary conditions used 
for modelling purposes. Here, M-mediator; E-enzyme; w is the thickness of the polymer 
coating and L is the length of the electrode; Ds and Rs denote the respective diffusion and 
reaction of the substrate within the catalytic layer. 
 
The polymer layer contained immobilized enzyme (E) and mediator (M) species 
for the catalytic conversion of the given fuel. The substrate in the fluid flow diffuses into 
the membrane where, in the presence of the enzyme and mediator, a catalytic reaction 
occurs. The electrons liberated as a result of the fuel oxidation are collected at the 
electrode and measured as current.  However, the enzyme and mediator molecules are 
physically entrapped in the polymer matrix and not free to disperse within the membrane. 
While E and M are immobilized in the film, they can change their redox state through 
electron hopping. This was modelled as diffusion following the method reported by 
Bartlett [1]. Since ES and EM are complexes rather than oxidized or reduced forms of 
individual species, this type of conversion is not possible and therefore, they are 
considered to be non-diffusive.  
 In reality, the biofuel cell is three-dimensional and is described by three spatial 
coordinates: x, y and z. The vertical ordinate, x, is the direction across the membrane, y is 
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the direction parallel to the electrode but perpendicular to the flow and z is in the direction 
along the electrode. Using symmetry arguments, the problem can be reduced to one spatial 
dimension, x. Due to a sufficiently fast flow rate and suitable electrode geometry, 
complete substrate replenishment is assumed to be achieved all the way along the channel 
and across the electrode. In this case, each species is considered a function of only a single 
spatial ordinate, x, and a temporal coordinate, t, S → S (x, t). The rate of change of all 
reactants can be considered as the sum of all the diffusion and reaction effects.  
 
                                           
  (   )
  
          (   )          (   )                         
 
As the diffusion of species is driven by the concentration gradients, it can be 
modelled via the second order spatial derivative term:  
 
                                                            (   )   
   (   )
   
                                         
 
Here, the constant of proportionality is termed the diffusion constant and is a property of 
each reactant. 
Considering the reaction illustrated in Fig. 4.16, a set of modified Michaelis-
Menten rate equations was identified. Since in its classical form, Michaelis-Menten 
reaction scheme considers direct catalysis only, the system of equations was modified by 
two additional expressions, accounting for the presence of the mediator (Eq. 4.10- Eq. 
4.12). 
 
          
 
          
 
          
 
Here, [S] is the amount of the substrate available for the reaction; [Eox], [Ered], [Mox] and 
[Mred] are the concentrations of the oxidized and reduced forms of the enzyme and 
mediator respectively; [ES] and [EM] are the quantities of the enzyme-substrate and 
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enzyme-mediator complexes; and [P] is the amount of product formed in the reaction. The 
kES+ / kES- and kEM+ / kEM- are the catalytic constants determining the rates of 
formation/dissociation of the ES and EM complexes from/to the corresponding substrates 
Eox and Mox; kcat and km signify the rates at which the enzymatic complexes decompose to 
the respective products Ered and Mred; ke is the rate of electron transfer for the Mred/Mox 
redox couple. 
In the modified Michaelis – Menten scheme, the oxidized form of the enzyme, Eox, 
reacts with the substrate, S, to generate the transient enzyme-substrate complex, ES, which 
further decomposes into the reduced form of the catalyst, Ered, and the product, P, as 
illustrated in Eq. 4.10. The oxidized mediator regenerates the active form of the enzyme, 
Eox, and consequently produces reduced Mred (Eq. 4.11). The mediator species is ultimately 
re-oxidized at the electrode generating current and recycled for subsequent redox 
reactions, as seen in Eq. 4.12.  While the formation of the enzyme-substrate, ES, and 
enzyme-mediator, EM, complexes is reversible, the dissociation of complexes is an 
irreversible step (Eq. 4.10 and Eq. 4.11).  
Based on the Michaelis-Menten mechanism, the rate of change of any species can 
be given by the sum of the individual rates of consumption and generation within the 
entire system, as shown in Eq. 4.13. 
 
                                                                                                     
For instance, the substrate is consumed at a rate proportional to the concentrations 
of Eox and S and is regenerated at a rate proportional to the concentration of ES. Following 
from this, the reaction term for the substrate can be written as: 
 
  [         ]
  
     [  ]      [ ][   ]                                                                        
 
Similar arguments can be applied to all reactants and therefore using Eq. 4.8 it was 
possible to construct a set of second order partial differential equations, which adequately 
describe the enzyme kinetics occurring within the polymer membrane: 
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In this system of equations square brackets indicate concentrations of the 
individual components. A special note should be made of the bold ke[Mred] terms in Eq. 
4.19 and Eq. 4.21 which simulate the oxidation of the mediator. By rights these do not 
exist for the full diffusion controlled equations and are not included in those calculations. 
For the isolated system considered in this section there is no electrode boundary condition 
so these terms need to be added to re-oxidize the mediator after the dissociation of the EM 
complex.  
Implicit in these equations is the conservation of the total concentrations of the 
enzyme and mediator species, divided between free and complex bound forms. That is:  
 
[   ]  [    ]  [  ]  [  ]  [  ]                                                                              
[   ]  [    ]  [  ]    [  ]                                                                                       
 
Where [E0] and [M0] denote total initial concentrations of the enzyme and mediator 
species. 
 
The system of equations described above has to be solved simultaneously to 
generate concentration profiles for the individual components of the catalytic system. Due 
to the high level of complexity and non-linearity, no analytical solutions were found 
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therefore, numerical integration techniques were employed. In particular, the Wolfram 
Mathematica computer algebra system was used, although other alternatives, such as, 
Matlab would have been equally appropriate. Mathematica code to solve this system and 
to perform related calculations was established in conjunction with Dr. Aidan Daly of 
Dept. of Physics and the Tyndall National Institute, University College Cork and is 
enclosed in Appendix C.  
Using parameters appropriate to glucose, two distinct scenarios were considered, 
namely an isolated and a diffusion-supported reaction. In the isolated system the substrate 
was supplied only once, leading to the ultimate termination of the reaction, due to the 
substrate exhaustion. The diffusion-controlled configuration assumed a continuous 
replenishment of the fuel. There, the substrate constantly diffused from the bulk into the 
membrane, allowing the reaction to reach a dynamic equilibrium. 
 
4.4.1. Isolated catalytic system. 
 
In the isolated system, the supply of the substrate to the reaction was not 
replenished, so that the catalysis would eventually terminate, due to the exhaustion of the 
fuel. This helps to identify different stages of the reaction and to understand the enzyme 
kinetics. This scenario was studied using Eq. 4.15 – Eq. 4.22 with the diffusion constants 
for all reactants set to zero, so that the spatial dependence of all species vanishes i.e. S (x, 
t) → S (t) and the system is reduced to a set of ordinary differential equations related to a 
hypothetical, isolated point within the membrane. 
The various parameters employed in the simulations are presented in Tab. 4.2. The 
catalytic constants governing the rate of glucose consumption were appropriate for glucose 
oxidase operating at 27 °C [38]. The total concentrations of the enzyme and mediator 
species were much lower than the initial amount of the substrate (3.3 %), a condition 
typically employed in the experimental work.  
At time t = 0, [S] = [S0] and the concentrations of the oxidized system components, 
[Eox] and [Mox], are equal to the total amount of the enzyme and mediator used in the 
study. The quantity of the remaining reactants is assumed to be zero. These initial 
conditions are presented in Tab. 4.3.  
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Tab. 4.2 Parameters used in the theoretical investigation of the enzyme kinetics in the 
isolated system. 
Simulation parameters 
kES+ 10000 M
-1 
s
-1
 kEM+ 2.1 x 10
6
 M
-1
 s
-1
 
kES- 400 s
-1
 km 1150 s
-1
 
kcat 5000 s
-1
 ke 2.075 x 10
6 
s
-1
 
kEM- 8.4 x 10
4
 s
-1
  
 
 
Tab. 4.3. Initial conditions for the isolated system. 
Initial conditions  
[S] (0) = [S0] = 150 mM [Mred] (0) = 0 mM 
[Eox] (0 )= [E0] = 5 mM 
 
[ES] (0) = 0 mM 
[Mox] (0) = [M0] = 5 mM 
 
[EM] (0) = 0 mM 
[Ered] (0) = 0 mM 
  
[P] (0) = 0 mM 
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 a) 
b) 
 c)                         d) 
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Fig. 4.17. Time dependency of the concentrations of species in an isolated system for a) 
substrate, b) reduced mediator, c) oxidized enzyme, d) reduced enzyme, e) oxidized 
mediator, f) product, g) enzyme-substrate complex, h) enzyme-mediator complex. 
The time evolution of the species concentrations are shown in Fig. 4.17. The 
computed time dependent concentration profiles for S and Mred are shown in Fig. 4.17 a) and Fig. 
4.17 b). Four distinct regions can be identified in these curves: initial catalysis (I), sustained 
catalysis (II), the turn-off stage (III) and the reaction termination (IV). These zones can be 
identified for all the species but are only highlighted for the substrate and the reduced mediator. 
At the reaction onset, when the enzyme and mediator molecules are solely in their active 
oxidation forms, the catalysis progresses rapidly, once the substrate is provided at t = 0. This is 
indicated by a sharp drop in the concentrations of S, Eox and Mox within the first 5 ms 
accompanied by a corresponding increase in P, Ered and Mred, see region I in the insets of Fig. 4.17.  
e)                           f) 
g)                         h) 
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Considering Fig. 4.17 a) between 1 ms and 2 ms there is a change of slope from 
approx. -4400 mM s
-1
 to approx. -500 mM s
-1
, indicating a slowing down in the rate of 
consumption of S. This occurs as in I Eox is yet unsaturated and every molecule of S, 
which wishes to bind to any oxidized enzyme can do so. Once all of the initially available 
Eox is bound to the substrate the reaction slows down as the substrate waits for Eox to 
regenerate by shuttling the electrons to Mox.  Such a mechanism is supported by noting 
that at -4400 mM s
-1
 approximately 3.5 mM of S and correspondingly of Eox is consumed 
in the first 0.8 ms of the reaction. This tends to the entire available amount of Eox = 5 mM 
by 1.5 ms. The region of slower reaction is that of sustained catalysis (II), where the 
reaction rate is dependent on the entire system through Eox regeneration and not just the 
quick binding of the substrate to the free oxidized enzyme. The observation of a constant 
decrease in [S], coupled with a review of Eq. 4.15, suggests that [S] x [Eox], which is a 
dominant term in that expression, must be approximately constant. Indeed, the flat shape 
of the [S] x [Eox] curve in this region verifies this statement, Fig. 4.18.  
The amount of generated product matches the consumed substrate, due to a 1:1 
conversion ratio. Regarding the remaining species, a quasi-steady state is attained during 
this phase, as the concentration of S is sufficient to generate ES at a rate faster than it is 
decomposing into P and Ered. Considering Eq. 4.25 it is clear that 
 
                                                [ ]   (         )
[  ]
    [   ]
                                         
 
is required for net ES generation. Using quasi-steady state estimates of [ES] = 0.1 mM and 
[Eox] = 0.75 mM, [S] = 72 mM is calculated as the minimum substrate concentration 
necessary to satisfy this condition. This occurs after 0.13 s. Once [S] drops below this 
level, the reaction begins to slow down and region III, turn-off, is entered. Over the next 
0.25 s the ever reducing concentration of S leads to the reaction tapering off gently until 
the substrate is completely depleted. As the process requires a finite time to occur, it takes 
another 0.025 s before the catalysis is complete and the reaction is terminated (IV). 
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Fig. 4.18. Time dependency of the S and Eox couple computed for an isolated system. 
 
The shapes of the time profiles are dependent on the initial concentrations and the 
catalytic properties of the enzymes. In order to analyze the effect of some of these 
properties on the reaction, the concentration profiles of S and Mred have been computed for 
several values of kcat and km. These constants are characteristics of particular enzymes and 
govern the rates of the limiting steps of the reaction (dissociation of the respective ES and 
EM complexes) and can thus provide useful insights into the kinetics. Despite the common 
place use of enzymes in catalytic studies, accurately determining the individual rate 
constants is difficult. Therefore, this study investigated the qualitative effect of km and kcat 
variation rather than providing quantitative data. All other rate coefficients were fixed, 
according to Tab. 4.2. The calculated time dependencies with km = 1150 s
-1
, are presented 
in Fig. 4.19 and Fig. 4.20. Overall, increasing the magnitude of these constants, results in 
an earlier termination of the reaction. This is to be expected, as km and kcat govern the rate 
limiting steps of the enzyme kinetics. Looking at Fig. 4.19, the slower depletion of S is 
limited by the availability of Eox. This is because a significant portion of the enzyme is 
bound as ES. The low kcat value means a slow generation of Ered. There is excess oxidized 
mediator available to convert the reduced enzyme back to Eox. However, if only a small 
minority of the mediator exists in its reduced form, a low electrode current will be 
recorded, as verified in Fig. 4.19 b), where small values of kcat give low peak 
concentrations of Mred compared to high kcat. For values of kcat above 5000 s
-1
 no change in 
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the time dependency is observed. This indicates that the ES decomposition is no longer 
having any sort of rate limiting effect and S is not entirely consumed before 0.4 s.  
By fixing the value of kcat at 5000 s
-1
 and varying km, earlier reaction terminations 
can be computed, as seen in Fig. 4.20. In fact, for km greater than 1500 s
-1
 all the reactions 
finish prior to 0.375 s, indicating its role as a limiting rate for values of kcat higher than 
2000 s
-1
. According to Fig. 4.20 b), large peak concentrations of Mred are calculated, 
demonstrating the possibility of high peak currents at the electrode.  
Potentially, enzymes with sufficiently fast catalytic constants, could lead to a 
system limited by the electron transfer rate at the electrode, ke. This study concludes that 
catalysts with large km and kcat would be most suitable for this fuel cell application, in 
particular, when the substrate is continuously replenished. 
 
 
 
Fig. 4.19 a) Substrate concentration as a function of time for km = 1150 s
-1 and different 
kcat.  
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Fig. 4.19 b) Concentration of reduced mediator as a function of time for km= 1150 s
-1 and 
different kcat. 
 
 
Fig.4.20 a) Substrate concentration as a function of time for kcat = 5000 s
-1 and different 
km.  
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Fig.4.20 b) Concentration of reduced mediator as a function of time for kcat of 5000 s
-1 and 
different km.  
 
4.4.2. Diffusion-controlled enzyme kinetics. 
 
In order to support a continuous current flow, the enzymatic biofuel cell uses 
microfluidics to constantly deliver the substrate to the surface of the polymer layer. The 
transport of reactants from the bulk solution occurs by diffusion of species across the 
membrane, driven by concentration gradients. It is assumed that the flow is sufficient to 
maintain a given concentration of the substrate at the membrane, termed Sbulk. Using Eq. 
4.15 – Eq. 4.22 with appropriate boundary conditions, the spatial distribution of the 
various reaction species has been studied. In this section, the time evolution of reactants 
starting from a spatially homogenous state was calculated including cyclic voltammetry 
curves (CV), which were used to gauge the performance of the enzymatic electrode. 
Additionally, Sbulk and the membrane thickness were varied to help understand the 
relationship between the diffusion and reaction effects occurring within the membrane. 
The simulation constants used here are the same as in Tab. 4.2. In addition to the 
parameters required for the isolated system, values for the diffusion coefficients as well as 
the half-cell potentials, Ecell and Eformal, are needed. These correspond to the half-cell 
oxidation potential and the formal half-cell oxidation potential in standard conditions, 
further discussed in Appendix A, and were selected based on related experimental work. 
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The ratio of the concentrations of the redox couple reacting at the electrode is set by these 
potentials.  In mediated catalysis, provided the reversibility of the Mred ⇄ Mox kinetics, the 
electron transfer at the electrode is carried out by the mediator and therefore, the 
concentrations of the oxidized and reduced forms of M can be can be calculated via the 
Nernst equation [2]: 
 
                                                             
  
  
  
[   ]
[    ]
                                           
 
Where R is the universal gas constant (8.314 J mol
-1
 K
-1
), T is the temperature 
expressed in K, n represents the number of electrons exchanged in the reaction and F is the 
Faraday constant (96485 C mol
-1
). For clarity,  
  
  
  is denoted as a constant N. 
In general, diffusion of species in a physical membrane is restricted relative to their 
transport in solution. A number of DS values have been reported for glucose in various 
polymer matrices. The diffusion coefficient used here was selected on the basis 
experimental work on glucose in a polyacrylamide gel [39] although the model is not 
specific to any particular polymer matrix. Additionally, due to high structural similarity of 
glucose and gluconolactone, the diffusion coefficients for the substrate and the reaction 
product were assumed to be equal. All of the discussed parameters are presented in Tab. 
4.4. 
 
Tab. 4.4. Parameters for the diffusion-supported enzymatic system [39].  
Constants (unit)  Constants (unit)  
DS  2.7 x 10
- 5
m
2
 s
-1
 Ecell  0.6 V 
De 4 x 10
-4
 m
2
 s
-1
 Eformal 0.33 V 
DP  2.7 x 10
-5
 m
2
 s
-1
   
  
  
 0.0591 V 
DEM and DES 0 m
2
 s
-1
 Membrane thickness  5 mm 
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As the system of partial differential equations is second order in x and first order in 
t, two spatial boundary conditions and one temporal initial condition are required for each 
of the reactants except for the complexes, which do not have diffusion terms. The values 
of all reagents are therefore either specified at the polymer/bulk interface and the electrode 
surface or else are assigned a no-flux boundary condition. The catalytic layer was 
considered to be pre-occupied by the oxidized forms of the catalyst ([Eox] = E0, [Ered] = 0) 
and mediator ([Mox] = M0, [Mred] = 0) and to be fully saturated with the substrate i.e. [S] = 
Sbulk. In this pre-reaction stage, the enzyme complexes [ES] and [EM] have not been 
formed yet.  
The no-flux for all time condition at the electrode, defined as zero spatial gradient 
across the boundary, indicates the boundary is impermeable. This may be obvious at the 
electrode surface but it applies also on the polymer/bulk interface, as there is no diffusion 
of reactants except for the substrate across that boundary, due to the immobilization. 
Recall, due to the fast flow approximation, the substrate concentration is considered to be 
always equal to Sbulk. 
As illustrated in Tab. 4.5, the concentrations of [Mred] and [Mox] at the electrode 
surface are governed by the transformed Nernst equation and have been defined as 
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  respectively. This means that at high potentials 
where  
             
 
   and   
             
 
  , [    ]    and [   ]     
respectively.  
Since experimentally the reactions are characterized by cyclic voltammetry, the 
operation of the theoretical half-cell should be measured in a similar manner. The 
magnitude of the current can be determined from the rate of the Mred → Mox conversions 
at the electrode. Alternatively, the substrate flux to the layer can be assumed equivalent to 
the current generation, as reported previously by Bartlett et al. [2]. This is true as the entire 
system operates on a one to one ratio, so that counting the number of substrate molecules 
entering the membrane in the steady-state must equal the number of electrons liberated at 
the electrode. Mathematically, the flux of S, jS, is given by Eq. 4.27. 
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Tab. 4.5. Initial & boundary conditions for the diffusion-supported kinetics. 
Initial conditions 
 
Boundary conditions at 
x = 0 (membrane) and x = w (electrode) 
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According to Bartlett and co-workers, in a non-immobilized catalytic system the 
observed current is typically smaller than the substrate flux, due to the concentration 
losses associated with the partition of the mediator across the polymer/bulk boundary [2]. 
If, as here, the mediator molecules are immobilized and cannot discharge into the solution, 
the assumption that the flux of the substrate equals the current is valid. Another condition 
on this assumption is that the diffusion must be sufficient to maintain a substrate 
concentration at the electrode, such that Mred can reach the value set through the Nernst 
equation. 
The rate equations with the boundary conditions discussed were solved using 
Wolfram Mathematica and three dimensional time and spatial dependent concentration 
profiles across the membrane were computed. These solutions, although obtained for all 
reactants, are only presented for the substrate (Fig. 4.21) and the reduced mediator (Fig. 
4.22).  In the plots, 0 mm corresponds to the plane of the enzyme-mediator membrane, in 
direct contact with the fluid flow, and 5 mm indicates the electrode surface. For these 
initial conditions, the system reaches a steady-state after approximately 1 s.  
 
Fig. 4.21. Evolution of the concentration profile of the substrate across the enzyme-
mediator layer computed for the diffusion-supported model. 
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In Fig. 4.21, the highest concentration of the fuel is found at the polymer boundary 
(0 mm), as expected from the boundary conditions. The initial concentration of S right 
across the membrane is saturated at 150 mM. As the substrate depletion appears to occur 
mainly at the electrode, [S] is quickly consumed in this region. It is however noted that, 
the concentration near the electrode, never reaches zero as the diffusion from the bulk is 
sufficient to feed the reaction faster than it is being consumed. After approximately 1 s, the 
competing diffusion and reaction forces have reached a state, where neither has ceased 
operation but are balanced in such a way, so that the reaction can proceed indefinitely 
without the change in concentration profile across the membrane. The magnitude of the 
gradient is governed by the catalytic rates and diffusion constants for the species involved 
in the reaction. For the parameters used here, the diffusion forces are large enough to feed 
the reaction all the way across the membrane without saturating. To a first approximation, 
[S] varies nearly linearly across the film from 100 mM at the bulk to around 40 mM at the 
electrode. More accurately, the concentration profile flattens out slightly at the electrode 
proximity.  
Due to the immobilization and lack of external replenishment, the spatial gradient 
in [Mred] can be attributed exclusively to catalytic conversions and internal diffusion 
effects, Fig. 4.22. Initially, there is no Mred anywhere in the membrane but the steady-state 
profile shown is achieved very quickly, in less than 0.5 s (inset of Fig. 4.22). The 
concentration of Mred at the electrode is not zero but it is fixed at 0.05 mM by the half-cell 
potentials in the boundary condition for the electrode. Near the bulk, [Mred] is high as the 
large [S] binds to Eox eventually producing high concentrations of reduced mediator. A 
higher concentration of Mred is expected at the bulk, as the gradients driving the diffusion 
of [Mox] decreases across the membrane. In reality, due to the immobilization, the high 
concentration of Mred at the membrane can be explained as the rate of oxidation through 
electron hopping reduces with distance from the electrode. 
Based on the above theory, the potential dependent current response of the 
diffusion-supported reaction system has been evaluated and is plotted in Fig. 4.23.  
The CV output has been calculated for potentials between -1 V and + 1.5 V for scan rates 
between 10 and 500 mV s
-1
. Note that this is current rather than current density as the 
model doesn’t include a parameter for the area of the electrode hence the density could not 
be estimated. 
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Fig. 4.22. Evolution of the concentration profile of the mediator across the enzyme-
mediator layer computed for the diffusion-supported model. 
 
Fig. 4.23. Cyclic voltammograms for the simulated system for multiple scan rates: 500 mV 
s
-1
 (black line); 200 mV s
-1
 (navy blue line); 100 mV s
-1
 (cyan line); 50 mV s
-1
 (green line); 
20 mV s
-1
 (red line) and 10 mV s
-1
 (magenta line). 
Eformal = 0.33 V 
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As can be seen from Fig. 4.23, the maximum current at all cases is the same 
indicating that the process is not limited by diffusion of the mediator approximated by 
Delectron but rather by the employed catalytic constants. At low scan rates the forward and 
reverse sweeps display a very close separation, while for faster scans the curves begin to 
separate noticeably. This phenomenon is essentially a time lag effect, as at a fast scan rate, 
the system has to adjust to a larger potential change in the same amount of time before the 
new current is measured. Observation of Fig. 4.23 shows that, in both sweep directions, 
the current recorded at a given potential for a fast scan rate matches that of a previous 
potential at a slower scan rate. At a high enough potential, the current for the slow scan 
rate stops changing, as the [Mred] boundary condition reaches [M0]. This allows the 
response at fast scan rates to catch up, which is why the limiting current is the same in all 
cases. Further evidence of this is given by the fact that the difference between the fast and 
slow scan rates increases with the change in the potential from that which attains the 
limiting current for the slow sweep rate. 
Since the substrate diffusion is driven by concentration gradients, varying the 
thickness of the membrane is expected to have a significant effect on the spatial 
distribution of the reactants in the catalytic layer. As the thickness of the polymer coating 
can be controlled by the conditions of the electrochemical process (e.g. applied potential, 
deposition time) and varies depending on a particular use, the influence of the film 
thickness on the substrate and reduced mediator has been studied. The results, presented in 
Fig. 4.24 and Fig. 4.25, show the steady-state (for each thickness) concentration profiles of 
S and Mred for membrane widths between 0.2 mm and 25 mm. Two graphs for each 
reactant are needed, due to the differences in scales. 
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Fig. 4.24 a) Distribution of the substrate across the membrane for thicknesses between 0.2 
mm  and 2 mm for a diffusion-supported catalytic system. 
 
As seen in Fig. 4.24 a), thin enzymatic films (thickness less than 0.5 mm) result in 
a nearly linear steady state distribution of S across the membrane, due to a close proximity 
to the bulk solution and diffusion effects dominating the reaction. Increasing the thickness 
of the polymer layer to 5 mm yields a semi-hyperbolic distribution of S, as discussed in 
Fig. 4.21. The substrate concentration at the electrode drops with increasing thickness up 
until 10 mm. At larger thicknesses, the value of the substrate plateaus at 30 mM for the 
parameters used here, Fig. 4.24 b). Overlying the curves for thicknesses of 10, 15 and 25 
mm, aligned at the electrode plane, illustrates the similar shape of each profile in that 
region. For the 5 mm nearest to the electrode an almost identical shape is calculated each 
time, however further away the curves begin to diverge. From this, it can be concluded 
that the reaction is dominant in the 5 mm near the electrode but its influence decreases 
beyond that.  
Similar behaviour has been reported for reduced mediator, where thinner 
membranes result in a small gradient of Mred, as shown in Fig. 4.25 a), due to a greater 
availability of the electron donating substrate and fast catalysis. The distribution of Mred 
within thin polymer coatings has a semi-parabolic shape and a higher peak concentration 
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Fig. 4.24 b) Distribution of the substrate across the membrane for thicknesses between 5 
mm  and 25 mm for a diffusion-supported catalytic system. 
 
 
Fig. 4.24 c) Steady-state concentration profiles for 10, 15 and 25 mm membrane 
thicknesses aligned at the electrode plane. The similar responses near the electrode 
indicate that the reaction is dominant in that region. 
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at the membrane, as the effects of the reaction reduce with increasing distance from the 
electrode. For thicknesses greater than 10 mm, this peak value saturates at the total 
available mediator (5mM). Mred remains saturated at M0 to within 5 mm of the electrode, 
in agreement with the conclusions drawn from Fig. 4.24 c).  Near the electrode, [Mred] 
reduces smoothly to the concentration set by the potential applied at the boundary through 
the Nernst equation.  
 
 
Fig. 4.25 a) Distribution of the reduced mediator across the membrane for thicknesses 
between 0.2 mm and 2 mm for a diffusion-supported catalytic system. 
 
The effect of the membrane thickness on the magnitude of the oxidation current is 
presented in Fig 4.26. Note that this is current rather than current density as the model 
doesn’t include a parameter for the area of the electrode hence the density could not be 
estimated. The output recorded from the oxidation peak currents of the CV curves at a 200 
mV s
-1
 scan rate, increases with membrane thickness reaching a maximum for these 
parameters at a value of 5 mm. Further increase in the polymer thickness results in a 
decline in the observed current. Combining the peak current at a membrane thickness of 5 
mm and recalling the saturation effects shown in Fig. 4.24 b) and Fig. 4.25 b), a design 
rule for the half-cell can be suggested. That is, taking the diffusion into account, the 
membrane should not be so thick that the observed saturation occurs.  
166 
 
 
 
Fig. 4.25 b) Distribution of the reduced mediator across the membrane for thicknesses 
between 5 mm  and 25 mm for a diffusion-supported catalytic system. 
 
 
Fig. 4.26. Dependency of the maximum oxidation peak current on the thickness of the 
membrane. Values have been recorded for 150 mM substrate and at 200 mV s
-1
. 
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The influence of Sbulk on the steady-state of the reaction has also been studied. Two 
dimensional distribution profiles of S and Mred for various [Sbulk] are presented in Fig. 4.27 
and Fig. 4.28 respectively. In particular, concentration values of 1 mM, 5 mM, 10 mM, 25 
mM, 50 mM, 75 mM, 100 mM and 150 mM were used and the thickness of the membrane 
was fixed at 5 mm. All other system conditions were as noted in Tab. 4.5 and Tab. 4.4.  
At low values of Sbulk the concentration of the substrate near the electrode is zero. 
In fact, for these parameters, Sbulk needs to be greater than 50 mM, before a non-zero 
substrate concentration is recorded at the electrode. With regards to Mred, as seen in Fig. 
4.28, dilute fuels result in low concentrations of reduced mediator across the film. For Sbulk 
greater than 75 mM, [Mred] in proximity to the membrane tends towards saturation levels. 
This appears to be less than [M0], approximately 4.5 mM. Of course, for all Sbulk, Mred at 
the electrode is fixed by the Nernst boundary condition, as previously noted. 
The concentration of the substrate at the electrode surface has been recorded for 
various [Sbulk] and plotted in Fig. 4.29. 
 
 
Fig.4.27. Steady-state distribution profiles of S at the membrane cross-section for various 
initial substrate concentrations [Sbulk]. 
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Fig. 4.28. Steady-state distribution profiles of [Mred] across the membrane for various 
initial substrate concentrations [Sbulk]. 
 
 
 
Fig. 4.29. The steady-state concentration of the substrate at the electrode as a function of 
[Sbulk]. 
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Once Sbulk is sufficient to maintain a non-zero substrate concentration at the 
electrode, an approximately linear increase in [S] is observed. For the considered values, 
the [S] at the electrode is always less than [Sbulk] but eventually it will saturate to the input 
substrate concentration. 
The CV responses for the various [Sbulk] were calculated for a constant scan rate of 
200 mV s
-1
 and are presented in Fig. 4.30. Again these plots are labelled as current and not 
current density as the model used does not feature a parameter related to the area of the 
electrodes. Even at a bulk concentration of only 1 mM, where no substrate is recorded at 
the electrode, a non-zero output current is calculated. With increasing Sbulk, the limiting 
current begins to saturate. For each bulk concentration, the saturation current is reached at 
a potential between 0.9 V and 1 V. The exception being [Sbulk] = 1 mM, where this 
phenomenon occurs at 0.25 V.  
For clarity, the maximum current at each [Sbulk] is plotted in Fig. 4.31, showing 
saturation around 1.1 mA for the parameters used. This suggests that the availability of the 
fuel is no longer a limiting factor for the reaction. In terms of the biofuel cell design, these 
results suggest that higher concentrations of the input substrate are desirable, as that the 
performance is not limited by the substrate availability and rather by enzyme kinetics.  
As previously, Fig. 4.30 and Fig. 4.31 represent current rather than current density 
since the model doesn’t include a parameter for the area of the electrode. 
  
 
4.5. Conclusions. 
 
This chapter aimed to use some of the available software tools to theoretically 
investigate the biofuel cell which would be constructed as part of this work. In particular, 
there were two main topics which were focused upon: the physical design of the micro 
channel and an understanding of the reaction within the membrane. The outcome of all 
results influenced the later device design and fabrication as well as assisting in 
experimental interpretation. 
First, finite element method simulations of the flow in the channel were used to 
verify that the proposed design exhibited only a limited mixing between the fluids entering  
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Fig. 4.30. Cyclic voltammograms of the catalytic system for various [Sbulk]. 
 
 
Fig. 4.31.  Dependency of the oxidation peak current on the concentration of the 
bulk substrate. 
 
 
171 
 
the main body of the channel through the two inlets.  Calculations at different flow rates 
and channel widths verified that higher speed flows in general exhibit a laminar flow and 
limited mixing.  Shorter channels would achieve the same effect by reducing the time 
available for mixing between the constituent flows. The shape of the electrodes along the 
bottom of the channel was then considered. While previously reported microscale biofuel 
cells use a continuous macro-electrode, an alternative approach examined in the thesis 
employed a single electrode split into a multiple smaller elements with intervening gaps 
similar to a haircomb. Both a single, continuous electrode and a spatially distributed 
electrode were determined to be good choices for the electrode design. As the membrane 
could also be deposited on the side walls of the electrodes, the surface area of the densely 
packed distributed electrodes could potentially be much larger than the planar electrode. 
On this basis, it was decided that distributed electrodes, rather than single, continuous 
electrodes, would be fabricated in the real devices.  Determining the most efficient design, 
in terms of current generation from the reaction, would require an optimization of the 
surface area, flow rate and channel dimensions. Such a study is beyond the scope of this 
thesis. The work here is intended as a foundation and starting point for a more 
comprehensive study.  A three dimensional design with densely packed distributed 
electrodes on the top, bottom and side walls would be an avenue worth exploring from this 
regard.  
Second, the kinetics of the reaction occurring within in the polymer layer on top of 
the electrode were investigated based on a set of eight 2
nd
 order partial differential 
equations formulated  by a modified Michaelis-Menten analysis of the system. Due to the 
complexity and highly coupled nature of this system it can be difficult to draw direct 
conclusions about how a given parameter influences the dynamics. To start, a reaction 
where only a finite amount of substrate is available is simulated. This system is easier to 
understand and the effects of changes in the rate constants are more directly observed. A 
study of kcat and km showed that increasing either constant quicken the reaction rate and 
that the dissociation of the complexes can be rate limiting steps. Four phases in this 
reaction have been identified: initial catalysis, sustainable catalysis, the turn-off stage and 
the reaction termination. At each stage, different kinetics are observed as the relative 
abundances of the substrate and other reactants change. 
Calculations of the steady state of the diffusion supported system revealed spatial 
concentration gradients of the species across the polymer membrane.  These gradients are 
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the result of the competition between reaction and diffusion forces. Cyclic Voltammetry 
curves at different scan rates were produced to help understand experimental results and 
the response of the system to a changing potential. Following studies on the effect of the 
membrane thickness and the bulk concentration, some design rules for the optimum CV 
performance biofuel cell were suggested.  
The work in this chapter is, essentially, the creation of a framework within which 
the operation of biofuel cells could be investigated prior to fabrication.  Unfortunately, this 
is framework is not yet fully integrated.  The modelling of the flow and of the reaction is 
done using separate software. In the future, an accurate description of the kinetics should 
be combined with the flow model so that the concentrations across the entire channel, the 
membrane and at the electrode could be studied for different geometries. Making the rate 
constants dependent on the applied potential would be another realistic improvement.  
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CHAPTER V 
DESIGN AND FABRICATION OF MICROFLUIDIC 
DEVICES WITH INTEGRATED ELECTRODES 
Discovery consists of looking at the same thing as everyone else and thinking something 
different 
 
 Albert-Szent Gyorgi 
 
 
5.1. Introduction. 
 
Chapter V of this thesis discusses the work underlying the design and development 
of microfluidic platforms with incorporated electrodes. A detailed description of the 
selected fabrication processes is preceded with a literature review of the emerging 
manufacturing technologies and the material evaluation. The principles and advantages of 
the microfluidic approach in the design consideration are also included. 
 
5.1.1.  Main objectives.  
 
The main objective of this chapter was to design and fabricate novel microfluidic 
devices that could be successfully employed in enzymatic biofuel cell applications. Many 
device approaches have been considered up to date, majority of which involving non-
automated, time consuming and labor intensive fabrication of highly complex and 
multiple-component systems for enzymatic electrocatalysis [1]. System miniaturization 
supported by simplicity and high precision of device manufacturing were the driving force 
for this research work. The microfluidic approach undertaken in the course of this Ph.D. 
work enables significant reduction of the feature size due to the membrane-free structure 
and high cost-efficiency of the device fabrication. Low power consumption and small 
volumes of analyte used in microfluidic designs allow efficient operation of the cell and 
utilization of the fuel at high surface area-to-volume ratio, enabling detailed investigation 
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of the physicochemical effects in the micro-domain. Low-cost, non-toxic and easily 
micromachined polymer materials were the primary criteria of the material choice for 
device fabrication. 
Excellent manufacturing standards of the Silicon and the Central Fabrication 
Facilities (CFF) at the Tyndall National Institute provided state-of-the-art microfabrication 
techniques.  
This chapter describes the design considerations, material choice and the 
fabrication of the device components, followed by the proposed assembly of the 
microfluidic platforms. The electrochemical characterization of microfabricated electrodes 
and a selected method of chemical modification of gold surface are also presented. A 
general introduction into the rapid development of microfabrication technologies and the 
current state-of-the-art is also presented. 
 
5.2.  Literature review on fabrication technology. 
 
 The following section discusses the evolution of fabrication technologies and 
considers the properties and potential applications of diverse structural materials. 
 
5.2.1.  Material comparison.  
 
Successful fabrication and efficient operation of microfluidic devices depend 
strongly on the type of material that has been used on the manufacturing step.  Substrate 
properties of the highest importance for microfluidic applications include the optical 
characteristics of the material, its molecular adsorption, surface charge and machinability 
[2].  
The beginning of microfluidic studies dates back to late 1990s. At that time all 
devices were fabricated from either silicon or glass using photolithography and etching 
techniques [3]. Although nowadays processing in glass is significantly less extensive than 
in the past, silicon is still commonly used as a material for microfabrication.  
Silicon is widely used as a natural semiconductor in electronics industry. Due to its 
exceptional mechanical properties and well established machining technologies, it can be 
employed in microfabrication of highly complex networks of circuits and miniscule 
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features for biochemical systems. Nevertheless the lack of optical transparency does not 
elect it as a candidate of choice for optical detection systems which are usually based on 
microscopic techniques. Glass on the other hand is among the few solids that transmit the 
visible light and as such traditionally forms the basics of virtually all optical systems [4].  
For this reason it is particularly suitable for fabrication of micro-devices for optical 
detection. Glass components exhibit superior dielectric properties; they are thermally 
stable, chemically inert and can easily form seals with metals and ceramics. For that 
reason, glass has been successfully employed in microelectronic industry and for 
applications requiring high-temperatures.  Due to its good chemical and mechanical 
stability, glass has been used for the fabrication of biosensors and biofuel cells. 
Nevertheless, its low porosity and lack of permittivity do not suit cell culture very well. In 
a similar manner to silicon, glass for microfabrication is also supplied as a wafer and it is 
available in a variety of structural compositions (quartz, fused silica, borosilicate glass 
etc.). Despite the abundance and well defined properties, a number of manufacturing 
challenges have been associated with silicon and glass [5]. The processing of these two 
materials is relatively expensive, labour intensive and prone to particle contamination, 
therefore it requires clean-room environment. Soft materials (e.g. polymers) on the other 
hand, are easy to manufacture and hence emerged as an excellent alternative rapidly 
replacing the use of silicon and glass in certain applications.  
Polymer materials have been the emerging substrates for microfluidic devices 
primarily due to their low cost, widespread availability and ease at which they can be 
employed in the manufacturing procedures, particularly when compared to glass or silicon. 
Wide range of available polymer substrates enable to choose the material with properties 
that are most suitable for a particular application. Depending on the processing, different 
parameters may be crucial when considering the material of choice. For instance, glass 
transition temperature and the thermal expansion coefficient are two most fundamental 
substrate characteristics affecting the successful hot-embossing and injection molding 
techniques [2]. The glass transition of a polymer occurs when the amount of heat provided 
is sufficient to alter the physical appearance of the polymer from its rigid glassy form to a 
soft un-melted state. The Glass Transition Temperature (GTT) should not be miconcepted 
for a Melt Temperature (TM), which is usually much higher and causes the polymer to 
flow. Most polymers can be characterized by GTT and TM parameters; however, the 
majority of thermoplastics and highly cross-linked polymer substrates do not undergo 
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melting but they remain soft and decompose at very high temperatures. Thermal expansion 
coefficient on the other hand relates the degree of volume change with respect to the unit 
change in temperature.  Polymer imprinting at room temperature requires very low 
hardness and significant degree of flexibility and it is usually not considered in 
microfluidic applications due to the risk of unexpected pattern un-molding. Instead, soft 
lithography methods are frequently applied and these require the ability of the polymer to 
maintain its original shape and dimensions after the fabrication step. Different polymer 
materials exhibit a variety of surface charges, which can have profound effect on the 
electroosmotic flow in the channel and device assembly.  Channel characteristics are 
determined by intrinsic properties of the polymer but can also be modified by a fabrication 
process.  For instance, features imprinted thermally by laser ablation or at room 
temperature will have much higher surface charge density than those obtained in the same 
material using hot-embossing  [6, 7]. Surface charge can also be modulated by hydrolysis 
or plasma treatment  [8].  In general, properties such as electroosmotic flow or charge 
density and its location are dependent on the following key factors: the polymer material, 
fabrication procedure and type of the surface treatment. Regardless of the particular 
application, the majority of materials for microfluidic device fabrication need to be 
chemically inert, transparent and permeable to gasses.  Biomedical industry and research 
encompassing biosensing or cell culture, in particular, require polymer materials to be also 
biocompatible. 
Up-to-date, three types of polymeric materials have been frequently employed for 
prototyping of microfluidic devices [9]: 
 Photodefinable polymers, such as SU-8, which although they have been 
well recognized and widely used in microelectronics, were not a subject of this 
Ph.D. work, due to the intricacy and elevated costs of the fabrication process (e.g. 
UV-curing in the presence of a photo mask); 
 Thermoplastic materials e.g. poly-methylmethacrylate (PMMA) and Cyclo-
Olefin-Copolymers (COC) are routinely employed materials, due to their excellent 
optical properties, moldability and low water intake; 
 Elastomers, among which the most popular is poly-dimethylsiloxane 
(PDMS), which exhibit excellent moldability and simplicity of device fabrication. 
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PDMS is by far the most ubiquitous organic silicon-based polymer used in 
microfluidics. It is 50 times cheaper than silicon and features a wide range of attractive 
properties. It is non-toxic, transparent at optical wavelengths (240 nm-1100 nm) and 
displays outstanding gas permeability which makes it an ideal candidate for cell culture 
cultivation [10], enzyme based assays and biomedical applications.  The ability to 
permeate gas has been frequently used to sustain cells and microorganisms inoculated in 
PDMS interiors [11].  PDMS possesses unique flexural and dielectric strength and 
compressibility as well as the usability over a wide range of temperatures. Furthermore, it 
is biocompatible and can be applied together with enzymes or microbial cells, without 
posing any risk to their intrinsic biological functions.  
PDMS devices are usually prepared by a low temperature hydrosilation of the 
polymer substrate induced by a platinum-based curing agent. Curing time is adjustable 
with temperature and can take up to 5 h. PDMS structures can be easily obtained via 
replica mold techniques, by simply casting the liquid polymer onto the patterned stamp 
and curing the assembly at elevated temperature. Once cross-linked, PDMS becomes an 
elastomeric material with a high degree of flexibility (Young’s modulus of 750 kPa). This 
and a low surface energy (20 erg cm
-2
) allow PDMS to conform to surfaces in a reversible 
manner and facilitate easy release from molds after patterning [2]. Upon surface treatment, 
polydimethylsiloxane can however form irreversible seals with glass and other polymer 
substrates. The presence of reactive silanol groups (Si-OH) formed when exposing PDMS 
to oxygen plasma not only provides efficient bonding to other materials but also creates a 
site for chemical modification of PDMS surface. Silanol functions can participate in a 
number of condensation reactions with silyl chloride, hydroxyl and carboxyl groups etc. 
At pH higher than 3.0, Si-OH groups can however dissociate into Si-O
-
 and H
+
 forming a 
negative charge on the surface. If a positive surface charge is required, PDMS can be 
successfully coated with a positive polymer, such as polybrene.  High flexibility 
(adjustable with the ratio of base to the curing agent) and reversible deformability of 
PDMS allows the patterning of highly integrated systems of features (channels, valves, 
pumps etc.), often at a micron size scale. When compared to many plastics commonly 
used in microfabrication, PDMS exhibits very low auto-fluorescence facilitating visual 
observation of microchannel contents using microscopic techniques.  Despite the 
advantages of PDMS, the material absorbs water and solvent vapours, which can result in 
swelling and a loss of substrate clarity. Due to its hydrophobic nature, PDMS can capture 
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and release non-polar molecules from poorly cross-linked substrate affecting the 
composition of the solution under investigation. As reported by [12], the undesired 
swelling in organic solvents has been the reasoning behind the restricted operability of 
PDMS-based microfluidic devices in various hydrocarbon solutions (e.g. acetone, hexane, 
toluene).  For these reasons, currently any applications involving the use of organic 
solvents are based on original glass and silicon systems. In order to expand the use of 
microfluidic devices, a new generation of elastomer materials that would combine the 
attractive properties of polydimethylsiloxane and the ability to use organic solvents needs 
to be urgently explored.  
As PDMS is mainly suitable for prototyping in academic research, most 
commercially used fabrication processes (e.g. metal deposition) require other polymer 
substrates for microfluidic device manufacturing. These materials are predominantly 
transparent thermoplastics and they come in a form of microfluidic chips and wafers of 
different dimensions. Thermoplastics can be successfully used for applications involving 
aqueous and mildly acidic or basic solutions but they poorly tolerate concentrated acids 
and bases, aromatics, ketones and halogenated hydrocarbons. Most frequently used 
thermoplastic polymers include PMMA (Polymethylmetacrylate), PC (Polycarbonate) and 
PS (Polystyrene), Topas and Zeonor.   
PMMA, also known as Plexiglas or acrylic glass, is a polymer of 
methylmethacrylate. Because its fundamental monomer is an ester of acrylate, the 
carbonyl group can be successfully employed for chemical modification of the PMMA 
surface. Polymethylmethacrylate is commonly used as a lightweight or shatter-resistant 
substitute to glass. Microfluidic devices made of PMMA can be effectively used in 
aqueous solutions, in the presence of aldehydes, amines and oils however they cannot 
withstand alcohols, esters, aromatic components or highly concentrated solutions of acids 
and bases.  
Polystyrene (PS), is one of the most routinely used materials in life sciences 
primarily due to its enhanced chemical stability and relatively low price. It is an aromatic 
polymer of styrene and unlike other thermoplastics it can resist certain alcohols (e.g. 
ethylene, butyl), organic acids and hydrogen oxides. PS is poorly permeable to gasses and 
vapours and has a low melting point, making it unsuitable for high temperature 
applications. As other polymers used in microfluidics, it comes in a solid wafer form but it 
can also be produced as foam.  
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Topas and Zeonor are of particular importance in microfluidics due to their 
excellent optical properties, residual permeability to water vapours and very low capacity 
for the absorption of water. They are nonpolar, thermoplastic polymers of a non-
crystalline structure.  In addition, they are resistant to polar organic solvents and can be 
used for applications involving acetone or isopropanol, frequently used in life sciences. 
Unlike other thermoplastics, Topas and Zeonor are not suitable for oil and lipid industry.  
Polycarbonate (PC), unlike Zeonor or Topas, displays enhanced hydrophilic 
properties and as such shows much better filling behaviour of the channels which is a key 
requirement when working with flow-through devices. Compared to PMMA, it exhibits a 
higher Glass Transition Temperature and can be used for applications requiring high 
temperatures e.g. PCR. The main challenge related to PC is its high autofluorescence, 
which prevents it from being used for optical detection systems. Similar to other polymers, 
polycarbonate cannot be used in the presence of strong acids or bases, aromatics, ketones 
or halogenated hydrocarbons. 
Apart from common thermoplastics, many microfluidic devices use polymers 
doped with a number of certain additives. These materials, known as plastics, can 
incorporate a wide range of components including fillers (e.g. calcium carbonate), 
plasticizers (e.g. dioctyl phthalate), stabilizers (heat or UV; salicylates) or antioxidants 
(e.g. amines) that influence their shelf-life and fabrication process. Ceramics (e.g. alumina, 
Al2O3) also have been used extensively as substrates in microelectronics packaging [13]. 
Table 5.1 illustrates the physicochemical properties of the main group of materials 
used for the fabrication of microfluidic devices [11].
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Tab. 5.1. Main materials used for the fabrication of microfluidic systems and their properties [11]. 
Materials 
Properties relevant to microfluidic systems for biological applications 
Fabrication 
technique 
Visible light 
transmittance 
Autoclavable 
Water diffusion 
coefficient 
x 10
9
/m
2
 s
-1
 
Gas permeability 
x 10
9
/cm
3 
(cm
2
 s cm Hg)
-1
 
Young’s 
Modulus/GPa 
PDMS Soft lithography Clear Yes 3-6 
N
2  
: 280 
CO
2  
: 340 
O
2  
: 600 
3.6 x 10
-4
 – 8.7 x 
10
-4
 
Silicon 
Micro-
electronics 
fabrication 
Opaque Yes N/A N/A 165 
Glass 
Micro-
electronics 
fabrication 
Clear Yes N/A N/A 63-73 
PMMA 
Hot-embossing, 
injection-
molding, laser 
photoablation 
Clear Yes 0.002 
N
2  
: 0.039 
CO
2  
: 0.78 
O
2  
: 0.23 
3.3 
Zeonor 
Hot-embossing, 
injection -
molding 
Clear Yes N/A N/A 2.1 
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With the diversity of available structural materials, the choice of the substrate 
appropriate for a particular application is based on the individual characteristics of the 
component and its suitability for a selected fabrication process. The physicochemical 
properties of the end product (e.g. degree of optical transparency, robustness), the cost and 
the accessibility of micromachining and molding technologies are typical determinants of 
the material selection.  
 
5.2.2.  State-of-the-art of the fabrication processes.  
 
By the end of 1990s, the majority of microfluidic devices were still manufactured 
in glass. Very few fabrication protocols report the use of alternative materials such as 
plastics, metals or ceramics [2]. Any records of prototypes micromachined in polymer 
substrates were published as patents and they were not available to the public. Relatively 
high material and processing costs alongside a poor yield rate made silicon unappealing as 
a material for the fabrication of disposable microfluidic devices. Since mid-1990s, 
microfabrication technology has been moving towards polymer substrates whose 
manufacturing is less time consuming and of low cost. The group of VerLee from Abbott 
Laboratories was one of the first to report a microfluidic system entirely made of plastic 
components [14, 15]. The device consisted of a complete channel network micromachined 
with a milling tool controlled by a personalized computer. Despite this great achievement, 
the smallest feature was still in the order of a size of a traditional capillary tube.  An 
expanding market for polymer based substrates started at the end of the XX 
th
 century, 
when high-profile companies began investing in the development of innovative 
microfluidic technologies. Growing expertise and continuous development in the area of 
microfabrication in the late 1990s gave rise to a number of highly progressive 
micromachining technologies that could produce features of dimensions smaller within the 
range of 15-30 µm. 
Nowadays, fabrication of microfluidic devices is still based on technologies 
developed for the Integrated Circuit (IC) industry and, as such, enables processing of 
numerous identical devices at a low expenditure and a large scale. Basic technologies 
established for the Integrated Circuit include the deposition of thin films (by evaporation 
or sputtering), the 3D structuring of the devices (by wet and dry etching techniques) and 
back-end processing (dicing, wiring and packaging). Fabrication of microfluidic devices 
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arose from these techniques to finally develop as an independent research field. As 
discussed before, depending on the applications, different materials can be considered for 
the fabrication of the microfluidic devices (e.g. silicon, glass, plastic). 
Patterning of microchannels in polymer substrates was simultaneously reported for 
the first time at the end of 1990s [16, 17]. The very first fabrication approaches employed 
the use of wires as stamps to transfer desired features onto plastic materials [15]. 
Nowadays, hot-embossing and imprinting methods utilize high-precision stamps 
micromachined in silicon or metal. Both materials can withstand elevated temperatures 
and rapid changes of fabrication conditions and, as such, can be repeatedly used for a large 
number of fabrication cycles. Unlike hot-embossing and imprinting, injection molding can 
create much more complex three-dimensional structures, which become embedded in the 
substrate directly at the molding step. 
  Fabrication of microfluidic channels using injection molding was first described 
by a research group based in ACLARA [18]. Since then the method had been widely 
employed for reproducible prototyping of micro-scale features in a variety of plastic 
substrates [19]. The most significant impact on the development of microfluidic platforms 
has been associated with the introduction of soft lithography techniques, as described in 
ref. [20]. In this method the stamp is not exposed to the elevated pressure and heat 
conditions and therefore can be made of softer materials, such as photoresists. A natural 
improvement of the process led to an application of soft lithography in the fabrication of 
three-dimensional microfluidic devices [21] and has been the most frequent method used 
for elastomer patterning ever since. In 1997, a group directed by Roberts introduced a 
microfabrication method, known as laser photoablation [22]. In this process, a pulsed UV 
light source is used to disturb the structure of the polymer substrate and to pattern the 
feature of microchannel. A number of other fabrication techniques has emerged 
throughout the years, such as low energy e-beam etching (IBE) [23] or UV-patterning of 
photoresist (e.g. SU-8). Tab. 5.2 summarizes and compares the main fabrication 
technologies in terms of their processing characteristics and associated costs. 
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Tab. 5.2. Comparison of the main microfabrication techniques [2]. 
Technology 
Geometry 
choice 
Min. 
feature 
size 
Height 
Aspect 
ratio 
Lifetime Cost Availability 
Wet silicon etch - + 0 - + + ++ 
Dry silicon etch + ++ + + - 0 ++ 
Optical 
lithography 
+ ++ + 0 + 0 0 
Laser ablation ++ + + + + - - 
Mechanical 
micromachining 
+ 0 + 0 ++ - - 
 
The vast majority of microfluidic fuel cells reported up to date have been made on 
glass slides, with patterned platinum or gold electrodes and an overlaying microfluidic 
PDMS channel network. Traditional fuel cells are complex and costly systems, requiring a 
number of components elevating their processing intricacy and related costs [24]. To be 
fully operative they need both an anode and a cathode together with their corresponding 
compartments; as well as a case, a membrane and a conducting electrolyte. Some of these 
necessary elements can undergo miniaturization steps only to some extent or not at all. 
This fabrication process although suitable for laboratory based research is not appropriate 
for a large scale production, where high degree of automation and low manufacturing 
costs are key requirements.  In this light, cheap and easy to fabricate plastic chips seem to 
be an appealing alternative to the classical approach using glass or silicon substrates. 
Additionally, replacing expensive patterning of noble metal electrodes by more 
economically-friendly conducting carbon materials would significantly lower 
manufacturing expenses and the complexity of the microfluidic systems. Substituting the 
platinum cathode with an oxygen reducing enzyme-based biocathode, together with a 
bioanode for the oxidation of glucose, would effectively eliminate the use of precious 
metal catalysts in the microfluidic environment. The implementation of selective 
biological catalysts, such as, enzymes or microbial cells leads to an overall simplification 
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of the fuel cell structure. Due to the discriminating nature of biomolecules towards 
particular substrates, anodic and cathodic compartments no longer have to be separated by 
an internal partition. These innovative designs of plastic microfluidic chips would help to 
overcome problems related with the diffusion layer thickness at the interface between 
anodic and cathodic compartments of the cell as well as the issues associated with the 
depletion of the fuel in the microfluidic channel. Furthermore, miniaturization of the 
biofuel cells and their fabrication using plastic materials would enable stacking of several 
chips together, in order to reduce the total volume occupied by the system. Application of 
biological entities supported by the laminar flow of fuels in microfluidic environment 
enables the development of a membrane-free fuel cell, where all separating barriers 
become obsolete [25]. 
Laminar flow has already been implemented in fuel cell research. In some 
applications though, a third solution had to be introduced isolating the anodic and cathodic 
streams feeding the electrodes [26]. The role of the additional flow was to act as a 
membrane dividing the remaining two streams and preventing the diffusion of species 
between the compartments. Theoretical studies on the influence of the microchannel and 
electrodes geometries on the overall microfluidic performance of the cell had also been 
investigated. It has been shown that the thickness of the depletion layer might be an issue 
for the fuel utilization [27] and by splitting the electrodes into a series of smaller 
counterparts, we can prevent the growth of the diffusion layer and improve greatly the 
efficiency of the biofuel cell. The majority of ongoing research on enzymatic biofuel cells 
reported up to date, are composed of a simple platinum cathode for the oxygen reduction 
and a biofunctionalized anode for the fuel oxidation  [28]. Modelling studies; however, 
have proven that the performance of a microfluidic device depends significantly on the 
reaction rate [29] and thus patterning of both electrodes with enzyme catalysts would lead 
to an improved fuel consumption. 
Current advances in the area of enzymatic biofuel cells incorporate the use of non-
typical material alternatives, such as, photocurable “Liquid Teflon” [3] and fabrics. A very 
simple concept on how to fabricate a low-cost and easy to operate microfluidic biofuel cell 
has been developed by a research group in Monash University, Australia [30]. The authors 
used a dewaxed, plasma treated cotton thread together with a polymer film to create three-
dimensional microfluidic devices for diagnostic applications. Tsujimura et al. [31] 
reported recently a high performance paper-based biofuel cell with porous carbon 
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electrodes. The cell was composed of layers of a Japanese paper printed with porous 
carbon ink as a matrix for enzyme encapsulation.  Fig. 5.1 illustrates schematically the 
mainstream designs that have been used for biofuel cell applications in the past few years 
[29]. 
 
Fig. 5.1. Schematic representation of  the types of biofuel cell devices available up to date 
[29] (A) microfluidic  and (B) concentric cells; (C) miniature platforms with an enzymatic 
anode and an air-breathing Pt cathode; (D) standardized modular stack cell designs. 
 
 
5.3. Application of microfluidics in device fabrication. 
 
The following section of Chapter V introduces the principles of microfluidics and 
discusses its application in the fabrication of miniature devices for electrochemical studies, 
with a particular emphasis on enzymatic biofuel cells. Section 5.3.1 explicitly discusses 
the design and material composition for the fabrication of microfluidic platforms, 
developed in due course of this Ph.D. work. 
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Fundamentals and advantages of microfluidics 
 
 
Microfluidics is a multidisciplinary field intersecting engineering, physics, 
chemistry, microtechnology and biotechnology, with a practical application in the design 
of microscale systems, in which a controlled transport of measurable fuel quantities can be 
implemented. It emerged in the early 1980s, as a result of shared efforts towards the 
development of miniature implantable devices for biomedical applications, such as, 
microflow sensors, micropumps and microwalves. Since its advent, the area of 
microfluidics gained remarkable consideration within the first decade and has been 
continuously attracting research attention ever since. Fig. 5.2 represents rapid increase in 
the number of ISI articles published per year in the area of microfluidic studies between 
the years 1990 and 2010, following the early appearance of a functional micro-scale 
device.  
 
 
Fig. 5.2. Increased number of micro- and nanofluidic-related ISI journal publications 
between 1990 and 2010 [32]. 
 
Initially, microfluidics was considered a part of the MEMS technology employing 
infrastructure and technologies established in microelectronics [25]. Although the 
fabrication of microflow sensors, microvalves and pumps dominated the early stage in the 
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field throughout the 80s, a revolutionary work by Manz and co-workers demonstrated in 
1989, suggested that the prime research applications of microfluidics lie in life sciences 
and chemistry [33]. Its introduction into the biochemical field led to the development of 
novel research disciplines dealing with mass transport phenomena in fluidic systems on 
microscale lengths, known as ‘Bio-MEMS’, ‘MEMS-fluidics’ and ‘biomicrofluidics’ [34]. 
The main advantage of microfluidics relies on the ability to utilize scaling laws for 
unique, microscopic effects and improved performance of corresponding devices. This is 
due to the  miniscule volumes of fluid the device can handle, leading to reduced pathways 
of numerous biochemical and chemical reactions [35].  
  Unlike the conventional macroscopic flow based on continuum hypotheses, in 
micro-scale devices the fluid mechanics is governed by a transitional behaviour of both the 
continuum and molecular-dominated regime. Exploration of the distinctive fluid dynamics 
associated with miniaturized systems, such as electrokinetic pumping, surface tension-
driven flows or electromagnetic forces, while they have no real bearing on the behaviour 
of the macroscopic flow, offers significant advantages over mechanical principles, once 
applied to a micro-scale systems. As the term micro- refers to the microscopic quantity of 
the fluid, rather than the fluidic system itself, while miniaturization of the system is 
essential in various applications, it is not a prerequisite in microfluidics. Therefore, 
regardless of the size of the surrounding environment and the material from which the 
device was fabricated, only the space where the fluid is physically confined requires 
miniaturization. This allows the changes in fluid behaviour to be attributed exclusively to 
the small size scale of the fuel, in principle, not associated with any particular length 
measure. Fig. 5.3 compares the size of a typical microfluidic device with the dimensions 
of common biological particles.  
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Fig. 5.3. Size characteristics of a typical microfluidic device as compared to commonly 
known abiotic particles and living structures [36]. 
 
In traditional fluid mechanics, the flow pattern is determined by dimensionless 
Reynolds (Re) numbers, with low values corresponding to a laminar regime and high Re 
for turbulent behaviour. Laminar flow, where the viscous forces are dominant and the fluid 
motion is considered smooth and constant, is the characteristic feature of any microfluidic 
design and enables high surface area to volume ratios and an accurate control of the force 
fields applied [37].  
In the classical laminar regime, the fuel and oxidant flow in parallel to each other, 
side-by-side, without mixing (Fig. 5.4). Under these conditions, both electrodes remain in 
contact with their respective solutions during the energy conversion [38]. 
The only means of molecular transfer between the adjacent streams is diffusion, 
which is dependent on the natural dispersion of individual species and the parameters 
associated with the flow: the dimensions of the channel under investigation and the 
applied flow rate (Fig. 5.5). The depletion zones, generated at the vicinity of the electrodes 
as a result of fuel/oxidant consumption, can be predicted from the modelling studies and 
their magnitude controlled by the choice of the channel design and a flow rate couple. 
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Fig. 5.4. Comparison of the fluid entrance in a typical macroscopic channel geometry (b) 
and a microscopic entry due to the planar microfabrication (a) [36]. 
 
 
Fig. 5.5. Schematic of a laminar flow of fuel and 
oxidant in a microfluidic channel of a membraneless 
biofuel cell. The regions of the fuel/oxidant 
diffusional cross-over and the depletion zones are 
indicated [39]. 
 
 
 
Since the performance of an electrochemical microfluidic device is reliant on the 
interplay between the mass transport of species and the kinetics of the catalytic reactions, 
the essential requirement in the biofuel cell development is a comprehensive 
understanding of the underlying fluid behaviour and reaction characteristics. In carefully 
designed and optimized microfluidic systems, the depleted regions trigger mass transfer of 
the fuel and oxidant from the bulk layers, replenishing the locally exhausted species with 
fresh substrates at a relevant rate [38].  
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Several experimental studies on microfluidic systems for biofuel cell applications 
indicated that repeated withdrawing and infusion of the fuel and oxidant to the electrode 
surface can significantly reduce the depletion layer. This approach however requires 
relatively high pumping power for the fuel delivery [38]. Alternative strategies which rely 
on passive control of mixing by alternating the shape of the microchannel also require 
high external power inputs [40, 41]. 
The fabrication of miniature enzymatic biofuel cells can greatly benefit from the 
advantages of microfluidics. Since the Reynolds number for most microfluidic channels is 
typically less than 1, no convective mixing of fluids occurs and as such the conventional 
compartmentalization prerequisite becomes obsolete (Fig. 5.6). As discussed previously, 
the only force of mass transfer in a direction transverse to the flow is diffusion. Therefore, 
the fuel can be provided to the enzymes immobilized on the electrodes in a laminar 
manner, where all of the fluid particles move in paths parallel to the overall flow direction, 
suggesting that the two solutions will be flowing without mixing. The high surface area to 
volume ratio ensures that the fuel intake by the enzyme is maximised. Likewise, a 
possibility to model mass transport and reactions occurring in the fluids due to well-
defined laminar flow phenomena exists [42]. 
 
Fig. 5.6. Membraneless microfluidic 
device fabricated at the Central 
Fabrication Facility of the Tyndall 
National Institute. Generic schematic of 
two aqueous streams flowing in the 
micro-scale channel. 
 
 
The implementation of microfluidics has a significant impact on electrochemical 
analysis and catalytic studies [43], similar to one that integrated circuits had on computers 
and electronics. Microscopic flow effects, unique to microfluidic systems, alongside with 
bio- and chemical reactions occurring on a miniature scale as well as innovative fluid 
measurement techniques for micro-flows utilizing in situ miniaturized instruments, has led 
to an expansion of emerging applications in chemistry and bioengineering. A mass market 
195 
 
of cost-effective and disposable microfluidic substitutes for non-reusable expensive 
systems can revolutionize instrumental business and is the driving force behind the 
extensive research in the area. Reduced quantities of required fluids facilitate rapid 
analysis of biological and chemical materials investigated in a number of assays, enabling 
parallel testing and enhancing the screening throughput [44-47]. 
 
5.3.1. Microfluidic devices for enzymatic biofuel cells. 
 
Microfluidic devices, envisaged in this Ph.D. work, are comprised of two polymer 
units: bottom component carrying patterned Au and Pt electrodes and a top part bearing a 
microfluidic channel with two separate inlet points for the individual supply of the fuel 
and oxidant. The top and bottom structural elements are later assembled in a water tight 
seal, in order to contain the supplied fluids (Fig. 5.7). The solutions are provided through 
Teflon tubings inserted in the openings of the channel inlets and once passed through the 
channel, they are collected at the outlet. The proposed design is intended to act as a 
platform for the development and characterization of the enzymatic biofuel cells in a 
microfluidic format. In the projected device, the micropatterned gold and platinum 
electrodes are employed as anodes and cathodes for the oxidation and reduction of the 
given fuel and oxidant, accordingly. The investigation of the catalytic reactions within the 
channel setting is conducted via electrochemical measurements and is suitable for the 
analysis in static and flowing conditions. The choice of optically transparent Zeonor and 
PDMS materials has been determined by the requirement of visual investigation of the 
fluid flow in the channel of the fabricated devices.  
The following section contains a comprehensive description of the design and 
selected methods for the fabrication of the physical components of the cell. The 
electrochemical characterization of the fabricated electrodes and the investigation of 
diverse assembly techniques have also been discussed. 
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Fig. 5.7. Schematic of the microfluidic device proposed as part of this Ph.D. work; a) top 
component with a microfluidic channel; b) bottom unit with patterned electrodes (Au 
anodes and Pt cathodes); c) assembled device. 
 
5.3.2.  Material choice for electrode and channel substrates. 
 
Indium tin oxide (ITO) was originally considered as the source material for the 
patterning of electrodes. ITO displays excellent optical transparency, high electrical 
conductivity, and a wide potential window. Therefore, it is a promising candidate for 
microfluidic applications, where the simultaneous electrochemical analysis and a visual 
detection of the laminar flow are typical requirements [48]. Despite its suitable properties, 
the deposition of ITO can be problematic as it is an ion-assisted evaporation process and 
leads to overheating of the reaction chamber. As a result, plastic is distorted inducing 
cracks in the ITO layer and leading to loss of conductivity. For that reason ITO was 
substituted with gold and platinum deposited on a Cyclo-Olefin-Polymer (COP), Zeonor, 
mainly due to its high transparency and low auto-fluorescence over a broad range of 
spectrum [49] . Due to low binding affinity between Zeonor substrates, channels were later 
fabricated in Polydimethylsiloxane (PDMS).  
  
Fluid inlets 
a)                                          b)                                                c) 
Au anodes         Pt cathodes Fluid outlet 
Electrical contact pads 
197 
 
5.4. Design and fabrication of metal electrodes. 
 
5.4.1. Layouts of the metal patterning. 
 
Four electrode geometries have been considered in the design and fabrication of 
the anodes and cathodes of the biofuel cells (Fig. 5.8 and Fig. 5.9), in order to obtain the 
optimum utilization of the species in various fuel and oxidant solutions. Two main 
approaches have been undertaken: the design of micro- and macroelectrodes, with the 
potential application for the low and high concentrations of species, accordingly. While 
the number and the dimensions of Au and Pt features vary between individual designs, the 
length of the metal pattern (15 mm) and the distance between the anodes and cathodes, 
with the exception of design 1 bearing interdigitated electrodes, is fixed at 100 µm. Each 
design contains 4 mm wide continuous metal pads for the establishment of the electrical 
connection with the potentiostat during the electrochemical measurements. Tab. 5.3 
summarizes the corresponding dimensions of the electrode features for designs 1 - 4. 
Fig. 5.8 illustrates designs 1 and 2 of the microelectrode patterns, including an 
interdigitated layout (design 1). The micro-size anodes and cathodes have been envisaged 
to efficiently utilize diluted fuels, due to the high influx of species to the electrode.  
 
Fig. 5.8. Designs 1 (left) and 2 (right) of the microelectrode geometries. The length of the 
metal pattern is 15 mm; the width of the connection pads is 4 mm. 
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Fig. 5.9 represents the macroelectrode features of designs 3 and 4. The macro-size 
anodes and cathodes have been predicted to be more suitable for high concentration of 
species, due to the greater surface areas as compared to designs 1 and 2.  
 
Fig. 5.9. Designs 3 (left) and 4 (right) of the macroelectrode layouts. The length of the 
metal pattern is 15 mm; the width of the connection pads is 4 mm. 
 
Tab. 5.3. Dimensions of the electrode patterns for designs 1-4. 
 Microelectrodes Macroelectrodes 
Electrode 
Parameters 
Design 1 Design 2 Design 3 Design 4 
Number 7 Au & 8 Pt 15 Au & 15 Pt 4 Au & 4 Pt 8 Au & 8 Pt 
Width 4.95 mm 2.475 mm 2.475 mm 2.475 mm 
Thickness 50 µm 50 µm 3 mm 1mm 
Inter-electrode 
distance 
1 mm 1 mm 1 mm 1 mm 
Anode and 
cathode 
separation 
50 µm 100 µm 100 µm 100 µm 
Pattern length 15 mm 15 mm   15 mm     15mm 
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5.4.2.  Microfabrication of gold anodes and platinum cathodes. 
 
Gold anodes and platinum cathodes have been microfabricated in the Central 
Fabrication Facility (CFF) of the Tyndall National Institute. The electrodes were prepared 
by a UV-photolithographic lift-off process, during which the metals were patterned onto a 
Zeonor substrate. A thin coating (20 nm) of titanium has been applied as an adhesive 
layer, in order to obtain high quality adherence of Au and Pt to the polymer. For gold 
anodes, a layer of Pt was additionally incorporated in between Ti and Au to act as a 
diffusion barrier for Au. The thickness of gold and platinum layers was 100 nm for all 
electrode designs. As discussed previously, two main layouts of the metal patterns have 
been considered in this study, micro-design 1 & 2 and macroelectrodes (designs 3 & 4), 
illustrated schematically in Fig. 5.10.  
 
Fig. 5.10. Layouts of Au and Pt electrodes fabricated at the Tyndall National Institute 
including designs 1 & 2 of the microelectrodes (left) and designs 3 & 4 of the macro-
patterns (right). 
 
Gold and platinum were deposited in two separate lithographic steps using 
Chrome-on-Glass (COG) photomasks, outsourced by Compugraphics Intl. Ltd (Scotland). 
The processing of the masks for Au and Pt has been discussed in detail in Appendix B. 
  
 Design 1                              Design 2                             Design 3                             Design 4 
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Processing of gold and platinum electrodes is schematically illustrated in Fig. 5.11.  
 
Fig. 5.11. Deposition of platinum and gold electrodes via the E-beam assisted evaporation 
with an adhesive layer of Ti. 
 
The deposition involved coating the Zeonor substrate with a layer of a 
photosensitive emulsion (resist) promoting the transfer of a desired electrode pattern from 
a transparent mask onto the polymer. Masks for photolithography are typically clear glass 
plates with metal (usually chromium) features. Placing the mask over the surface of a 
photoresist and exposing the assembly to a UV light changes its properties and allows 
further dissolution (for negative resist) or etching (positive resist) in a developer solution 
(Fig. 5.12).  
In the consecutive steps, a thin coating (20 nm) of titanium and a layer of Pt (100 
nm) are deposited via E-beam assisted evaporation of the metals. The remaining, 
underlying photoresist is removed and the processing steps are repeated for gold anodes 
during the same fabrication run (Fig. 5.13).  This is a technical requirement, as breaking 
down the vacuum to evacuate the chamber prior to the next fabrication cycle would 
significantly reduce the adherence of Au and Pt thin films. 
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Fig. 5.12. Patterning of the photoresist with UV light. 
 
Fig. 5.13. E-beam assisted deposition of the metal followed by the removal of the resist. 
Photoresist 
Zeonor 
 
 
Metal 
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For this particular application, Zeonor wafers were pre-treated in the oxygen 
plasma cleaner at 50 W for 3 min to promote good adhesion of the photoresist. Following 
plasma exposure, Zeonor was coated with PMGI SF11 Lift-off resist (MicroChem Corp., 
MA, USA) using a Laurell spin coater at 3000 rpm (Laurell Technologies Corp., USA) 
and hot-baked at 115 ºC for 6 min.  A layer of Microposit S1813 imaging photoresist 
(Shipley, UK) was then spun coated at 4000 rpm and hotplate baked at 115 ºC for 2 min. 
Resist treated wafers were later exposed to UV light through the photomask in Karl Suss 
MA1006 mask aligner (SUSS Micro Tec, USA) for 7 s (exposure dose ~70 mJ cm
-2
). 
Samples were developed in Microposit MF319 developer (Shipley, UK) for 2 min, rinsed 
with deionized water and blow-dried with nitrogen. To provide good metal adhesion 
wafers were oven baked at 90 ºC for 30 min. Samples were loaded into a FC200 e-beam 
evaporator (Temescal, USA) and the chamber was pumped to a pressure below 5 x 10
-7
 
Torr. The deposition by evaporation was carried out in a 20:100 nm ratio of Ti to Pt and 
the excess metal was lifted off in a bath of Microposit R1165 resist stripper (Shipley, UK). 
The electrodes were rinsed in running deionized water and blow-dried in a stream of 
nitrogen. The same reaction steps applied in the deposition of the counterpart gold metal 
(Fig. 5.14)  
 
Fig. 5.14. Schematic representation of electrodes on Zeonor substrates, Au anodes 
indicated in orange and Pt cathodes in grey. 
 
Following the metal deposition, Zeonor wafers were diced in the Packaging Lab of 
the Tyndall National Institute, using a Disco DAD3350 Automatic Dicing saw (Disco 
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Corporation, Japan). Once diced, the electrodes were visually investigated using a high 
resolution optical microscope to confirm the absence of any potential fabrication flaws 
(Fig. 5.15). 
 
Fig. 5.15. Microscopic images of Au (yellow) and Pt (pale) electrodes for design 3 (left); 
different electrode layouts on Zeonor after dicing. 
 
5.4.3. Challenges associated with the electrode fabrication. 
 
The main issue related with the E-beam deposition of gold and platinum electrodes 
was the adhesion of the metals to the Zeonor substrate. The initial batch of the samples 
fabricated in the facilities of the Tyndall National Institute exhibited very low mechanical 
stability, was prone to scratching and detachment at the dicing step of the wafer 
processing, which is shown in Fig. 5.16. In addition, it has been observed that gold was 
much less adherent to Zeonor than platinum, suggesting that an additional adhesive layer 
might be required.  
Further, visual inspection of the electrode under the microscope revealed the 
presence of undesired features (Fig. 5.17). 
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Fig. 5.16. Image of gold and platinum 
electrodes deposited on Zeonor substrates. 
Poor adhesion of both metals leads to material 
peeling off. 
 
 
 
The potential reason for the initial fabrication issues was most likely the fact that 
Zeonor substrate has never before been used for the deposition of metals in any research 
carried out within the Tyndall National Institute. Glass or silicon would be the usual 
substrates for the patterning of Au and Pt and, as such, the optimization of working 
conditions was required. After the adjustment of the reaction conditions and application of 
a thick layer of the photoresist prior to dicing, the subsequent batch of the electrodes was 
much more robust and less susceptible to damage. Additionally, when depositing gold, a 
supplementary layer of platinum was plated underneath to act as a diffusion barrier and to 
prevent penetration of Au towards titanium. This adjustment significantly enhanced the 
adhesion between gold and the polymer substrate.  
 
Fig. 5.17. Image of gold electrodes (design 1) obtained with a high resolution Nikon 
microscope. Metal evaporation resulted in unspecific electrode features. 
100µm 
Undesired 
features present 
after metal 
evaporation 
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5.5. Electrochemical characterization of electrodes patterned on 
Zeonor. 
 
Electrochemical characterization of microfabricated gold anodes and platinum 
cathodes has been carried out in static conditions in the presence of redox reactive species. 
Response of 5 mM potassium ferricyanide [K3Fe(CN)6] has been studied in 0.01 M 
PBS pH 7.4 solutions via cyclic voltammetry measurements. Prior to any experimental 
work,  Zeonor chips were thoroughly cleaned in the oxygen plasma (3 cycles of 1 min at 
the pressure of 900 mT and high power settings), rinsed with IPA and deionized water and 
dried in the nitrogen stream. Following drying, the electrodes were chemically cleaned in 
1 M H2SO4 for 3 h to remove any residual organic contaminants. Fresh solutions of the 
ferricyanide in PBS buffer were prepared directly before the measurements. The 
electrochemical set up was comprised of a two-electrode on-chip system connected to a 
CHI 660B potentiostat instrument via crocodile clips. In order to prevent metal damage, 
the electrical connection was initially established using copper tape sealed to the Pt and 
Au electrodes on the microfluidic chip. A number of inconveniencies have been however 
related to this solution, involving primarily the need to remove the conductive adhesive 
during the cleaning step causing gradual disintegration of the underlying metal layer. 
Moreover, in order to establish an intimate contact with the electrode multiple point 
connections had to be introduced by pressing the tape against the metal surface using the 
tip of a needle. Therefore the ultimate setup involved a direct connection of crocodile clips 
to the electrodes on the Zeonor chips.  
 
The electrochemical response of electrodes microfabricated in Zeonor has been 
investigated under operational conditions of the biofuel cell. The cyclic voltammetry 
signal of both Au and Pt has been studied in static conditions in the presence of 5 mM 
K3Fe(CN)6 in 0.01 M Phosphate buffer saline (PBS). The response has been recorded for 
three electrode designs at variety of scan rates and the resulting current has been 
measured.  CV profiles recorded at a single scan rate have been analyzed to confirm the 
differences in the current generated by various electrode layouts. In order to mimic the 
electrochemistry of ferricyanide on metals in the device configuration, the electrodes have 
been previously assembled with various designs of the microfluidic channels embossed in 
PDMS. The shape of the electrochemical signal has been evaluated and the dependency of 
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the current on the square root of the scan rate has been determined. The difference in the 
oxidation and reduction potential peaks has been determined at 0.01 V s
-1
 scan rate and the 
reversibility of the redox system has been discussed at the end of the chapter. Electrical 
connection has been established through crocodile clips directly clipped to metals 
deposited on the Zeonor polymer. The reaction potential has been controlled using a CHI 
660B instrument. The influence of the electrode active area has been investigated with 
respect to the current output and the shape of the electrochemical signal of ferricyanide. 
The electrochemically active surface areas of the electrodes have been calculated from the 
Randles-Sevcik formula and compared with the theoretical equivalents derived based on 
the assembly, provided an ideal alignment of the channel and electrode components. 
 
5.5.1.  Results and discussion. 
 
The electrochemical response of 5 mM K3Fe(CN)6 in 0.01 M PBS on gold has 
been evaluated for designs 2, 3 and 4 of the metal electrodes as an assembly with selected 
PDMS channel layouts. The theoretical areas of the active metals are presented in Tab. 
5.4. The CV signals have been recorded at a single scan rate, 50 mV s
-1
, (Fig. 5.18) in 
order to evaluate the differences in the current scale obtained for various electrode 
geometries.  
Cyclic voltammetry measurements of 5 mM K3Fe(CN)6 studied on Au electrodes 
microfabricated on Zeonor substrate, indicate a significant difference in the 
electrochemical signal for various electrode designs. As can be seen from Fig. 5.18, the 
current generated as a result of the ferricyanide reactions increases substantially with the 
theoretical surface area of gold exposed to the redox solution. A sigmoidal steady-state 
shape of response for Au layout 2, typical for a microelectrode design, is compared with a 
peak characteristics obtained for macro-design 3, which is indicative of a diffusion-
controlled process. A slight peak shaped response is observed for design 4, suggesting a 
linear diffusion consistent with the macro-dimensions of the electrode. The origin of the 
additional oxidation peak at 0.35 V is the electrode contamination with organic impurities, 
which were retained at the metal surface following the oxygen plasma and chemical 
cleaning steps. Since the electrodes were re-assembled with a number of channel designs  
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Fig. 5.18. Cyclic voltammetry of 5 mM K3Fe(CN)6 in 0.01 M PBS recorded on Au.: design 
2 (black curve), design 3 (blue curve) and design 4 (red curve). Scan rate of 50 mV s
-1
. 
Included in the inset is a magnification of the response for design 2. Potential recorded vs. 
Ag/AgCl (3 M KCl). 
 
Tab. 5.4. Summary of the investigated electrode and channel assemblies, including the 
resulting theoretical areas of the electrodes. 
 Design 2 Design 3 Design 4 
Electrode metal  Au Au Au 
Channel layout 3 4 5 
Electrode area 0.19 mm
2
 4.2 mm
2
 3.6 mm
2
 
 
Tab. 5.5. Summary of the investigated electrode and channel assemblies, including the 
resulting theoretical areas of the electrodes. 
 Design 2 Design 3 Design 4 
Electrode metal  Au Pt Au 
Channel layout 3 4 5 
Electrode area 0.19 mm
2
 4.2 mm
2
 3.6 mm
2
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and re-tested for characterization purposes, these are most likely PDMS residues remained 
at the electrode after device detachment. 
Fig. 5.19 represents cyclic voltammetry responses of 5 mM K3Fe(CN)6 in 0.01 M 
PBS, measured at variety of scan rates using the channel and electrode assemblies as 
reported in Tab. 5.4. The schematics of the investigated electrode geometries and the 
resulting theoretical surface areas of the electrodes exposed to the redox solution (Tab. 
5.5) are also presented. 
Cyclic voltammetry of platinum design 3, Fig. 5.19 B), and gold design 4, Fig. 
5.19 C), macroelectrodes studied in 0.01 M PBS pH 7.0 in the presence of 5 mM 
K3Fe(CN)6 confirmed a diffusion dependent response of ferricyanide. Increased current 
values were recorded for higher scan rates with a characteristic diffusive shape of the 
electrochemical signal demonstrating a linear influx of Fe(CN)6
3-
 to the electrode surface. 
This suggests that current limitations occur due to the concentration gradient indicating 
that the redox reaction is governed by species diffusion rather than limited kinetics of the 
electron transfer. The highest current output has been obtained for Pt design 3, which is 
consistent with the largest surface area of the metal. Planar diffusion, characteristic for 
macroelectrodes, provides low mass transport of species and, as such, is suitable for high 
concentrations of fuel.  
CV response of gold design 2, Fig. 5.19 A), represented a sigmoidal shape of the 
electrochemical signal indicating a radial diffusion of species. The sigmoidal shape of the 
voltammogram obtained for microelectrodes design 2 is consistent with the expected 
hemispherical influx of ferricyanide to the electrode of microscopic dimension, where the 
rate of diffusion is equivalent to the rate at which the electron transfer occurs. 
Microelectrodes of design 2 can provide high mass transport of species and as such are 
suitable for low concentrations of fuel, however this design leads to relatively low current 
output as compared with the macroelectrode layouts 3 and 4. 
The reversibility of the redox system has been studied at 0.01 V s
-1
 scan rate and 
determined based on the potential difference (    between the oxidation and reduction 
peaks. The respective    for designs 3,    = 94 ± 3.7 mV (oxidation and reduction peak 
voltage of 0.03 V and -0.07 V) and 4,    = 87 ± 2.6 mV, (oxidation and reduction peak 
voltage of 0.04 V and -0.05 V) have been found in a better  
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Fig. 5.19. Cyclic Voltammetry of 5 mM K3Fe(CN)6 in 0.01M PBS on metal electrodes 
assembled with PDMS channels. A) Au design 2 of the electrode and design 5 of the 
microfluidic channel. Scan rates of 10 mV s
-1 
(black line), 20 mV s
-1 
(red line), 50 mV s
-1 
(blue line), 100 mV s
- 
(green line), 200 mV s
-1 
(magenta line; B) Pt design 3 of the 
electrode and design 4 of the channel. Scan rates of 10 mV s
-1 
(black line), 20 mV s
-1 
(red 
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line), 50 mV s
-1 
(blue line), 100 mV s
- 1
(magenta line), 200 mV s
-1 
(cyan line) and 500 mV s
-
1 
(green line); C)  Au design 4 of the electrode layout and microfluidic channel design 5. 
Scan rates of 10 mV s
- 1
(black line), 20 mV s
- 1
(red line), 50 mV s
-1 
(blue line), 100 mV s
- 
1
(magenta line), 200 mV s
- 1
(green line) and 500 mV s
-1 
(navy line). Potential recorded vs. 
Ag/AgCl. 
accordance to the theoretical single electron transfer requirement (   = 59 mV) than in the 
case of microelectrodes design 2,     = 99 mV (oxidation and reduction peak voltage of 
0.09 V and -0.01 V). This has been attributed to an unaccounted resistance of the redox 
solution, where the IR drop should be less significant at lower current values. 
The dependency of the limiting current, taken as the oxidation peak (ip) of 
K3Fe(CN)6, on the square root of the scan rate used (v
1/2
) has been investigated for all  
three designs and is depicted in Fig. 5.20.  
 
As shown in Fig. 5.20, a linear dependency of the limiting current    on the 
applied  
 
 ⁄  has been obtained for all electrode layouts. This is consistent with the 
diffusion-controlled redox processes occurring at the macroelectrodes, design 3 and 4. A 
nearly constant value of current for Au electrode design 2, represented by a very small 
slope of the I vs.  
 
 ⁄  line is consistent with a typical response for a microband design. 
Here, the current should be independent of the square root of the scan rate used, 
suggesting that the reaction at the microelectrode is not limited by the mass transport of 
species. Small variation in the current recorded in Fig. 5.20 a) are however indicative of a 
residual dependency of the response on the mass transport of species. As discussed 
previously, this may be due to the overlap of the diffusion layers between the adjacent 
electrodes, separated only by a distance of 1 mm. In addition, a quasi-steady state is also 
reached with microband electrode design, which could also explain the observed 
dependency of the current on the applied scan rate.  
The experimental active surface areas of the electrodes have been calculated for all three 
designs from the equation of the         
 
 ⁄  slope,  according to Eq. 5.1, based on the 
reported value of the diffusion coefficient for ferricyanide                     [50, 51].   
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Fig. 5.20. Oxidation peak current values as a function of the square root of the scan rate, 
recorded for 5 mM K3Fe(CN)6 in 0.01 M phosphate buffer saline pH 7.0. a) Au design 2, 
channel layout 3; b) Pt design 3, channel design 4; c) Au design 4, channel layout 5. 
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
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them with the expected, theoretical areas. Eq. 5.2 represents sample calculations for Au 
design 2. 
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Tab. 5.6. Experimental electrode areas calculated from the Randles-Sevčik equation.  
 Design 2 Design 3 Design 4 
Metal layout  Au Pt Au 
Experimental 
electrode area 
0.006 cm
2
 4.29 cm
2
 2.11 cm
2
 
Theoretical 
electrode area 
0.002  cm
2
 0.042 cm
2
 0.036 cm
2
 
 
 
As illustrated in Tab. 5.6, the electrode areas calculated from the slope for designs 
3 and 4 are two orders of magnitude higher than the predicted values. In comparison, the 
difference between the experimental and theoretical values obtained for design 2 is only a 
factor of 3. This is primarily due to the inhibited diffusion of ferricyanide to the electrodes, 
caused by a gradual evaporation of the solution from the channel and decreased mobility 
of the species throughout the measurement. Additional sources of discrepancies include 
the alignment imprecision associated with the manual assembly of the channel and 
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electrode compartments. Furthermore, the reported theoretical values correspond to the 2D 
geometries of the electrodes and do not account for the height (100 nm) of the metal 
features, due to the negligible dimension. The side planes of the electrodes are however 
exposed to the redox solution and contribute to the produced current output.  
 
5.6. Modification of gold electrodes with Nanoporous Gold Structures. 
 
In order to improve the electrochemical response of the bare electrodes, the metal 
catalysts employed in the energy harvesting applications are often altered to adjust their 
surface properties to a particular catalytic task. 
In the course of this Ph.D. gold electrodes microfabricated on Zeonor substrates, 
were chemically modified to increase the active surface area of the metal and to facilitate 
stable immobilization of the enzyme species and enhanced biological response, resulting 
in a prolonged and improved performance of the intended biofuel cells. Although a 
number of strategies have been considered for this particular research task (e.g. the use of 
gold nanoparticles), Nanoporous Gold Structures (NPG) were believed to be the most 
suitable for the modification purpose. NPG approach has been selected, due to high 
porosity and chemical inertness of their structures, offering good prospects for the efficient 
and stabilizing environment for the enzyme chemistry. Additionally, unlike alternative 
modification techniques, the formation of NPG is a simple two-step protocol and does not 
require lengthy and advanced preparation procedures or intensive labour. 
NPG, among varied electrode materials, exhibit a number of desirable features, 
which distinguish them from other surface treatment routes and make them highly suitable 
for the electrochemical measurements in mild conditions. Unlike other integral surface 
catalysts, such as, platinum and palladium, Nanoporous Gold Structures remain active and 
entirely selective at low temperatures and therefore, can be successfully employed for the 
electrochemical studies under a range of conditions [52, 53]. It has been demonstrated that 
NPG are resistant to thermal stress and high oxidation and in contrary to extensively used 
gold nanoparticles do not aggregate in oxidative and thermally challenging environment 
[54].  
As reported in the literature, gold nano-deposits demonstrate high intrinsic density, 
excellent conductivity and a large surface area and have been frequently reported as 
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matrices for catalyst immobilization [55]. Increased surface areas, supported by excellent 
electrochemical and electrocatalytic properties of NPG modified electrodes, can 
effectively supplement the intrinsic biological functions of the enzymes employed in 
biofuel cells. The porosity of generated features is easily tunable by controlling the 
composition of the modifying solution. The size of gold pores can range from as little as 
few nm to a few µm and the generated structures are of high chemical purity. Due to 
adjustable dimensions of generated porous features, gold nanostructures can be applied for 
immobilization of different sized biomolecules and therefore can be used for diverse 
biological applications. As compared to other surface modification techniques, such as, the 
sol-gel, the formation of NPG is highly reproducible and unaffected by slight alterations in 
the ionic strength and pH of the supporting solution. In general, NPG modified electrodes 
are prepared from commercially available or in-house made gold and silver alloys by 
chemically etching of the deposits in concentrated nitric acid solutions.  
In the light of discussed advantages of the NPG electrode modification methods, 
the Au macroelectrodes, fabricated on Zeonor substrates, have been electrochemically 
treated, in order to grow the NPG features leading to increased surfaces of the active area. 
In order to confirm improved electron-transfer properties of the modified electrodes, the 
response of bare gold microfabricated on Zeonor substrates has also been investigated.  
The NPG structures, obtained as part of this Ph.D. chapter, were produced 
according to a protocol from ref. [56]. Two electrode layouts have been used for the 
modification purpose, design 3 and design 4 of the electrode design. Prior to the surface 
treatment, the metals were exposed the oxygen plasma and chemically cleaned in 1 M 
H2SO4 cleaned, following the two-step protocol enclosed in Chapter II. 
The electrodeposition of gold nanostructures was carried out from a solution 
containing 20 mM KAu (CN) 2 and 100 mM KAg (CN) 2 in a molar ratio of Au0.18: Ag0.82 
in 250 mM Na2CO3, pH 13, as a supporting electrolyte. The electrochemical set up 
consisted of a three electrode system with Ag/AgCl and high surface area Pt coated Ti 
gauze as reference and counter respectively. The potential of the working electrode was 
controlled by a CHI 660B instrument. Prior to the surface treatment, all solutions were 
purged with nitrogen for 20 min, in order to remove the interfering presence of oxygen. 
Deposition was carried out at room temperature, by applying a constant potential of -1.2 V 
for 600 s at a rate of film growth of 20 nm min
-1
.  
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The influence of the composition of gold and silver alloy on the morphology and 
porosity of generated NPG has been investigated by Searson and co-workers [57] and it 
has been proven that solution containing the selected Au0.18: Ag0.82 molar ratio results in 
the formation of the shortest ligaments (20-30 nm long) and the highest surface area upon 
dealloying in 30 % nitric acid [57].  
 
5.6.1.  Results and discussion. 
 
Prior to the deposition of NPG, a CV response in 1 M NaOH has been measured 
for the bare Au electrode by sweeping the potential from -1.6 to 0 V vs. Ag/AgCl at 10 
mV s
-
 
1
 scan rate. The electrochemical signal in NaOH has been further recorded 
following the deposition, indicating the presence of Au and Ag metal oxide reduction 
peaks at potential values of 0 V and 0.3 V vs. Ag/AgCl accordingly (Fig. 5.21) and was 
compared with the behavior of bare gold. 
 
Fig. 5.21. Electrochemical response in 1 M NaOH vs. Ag/AgCl for: a) bare Au electrode, 
design 4; b) Au0.18 Ag0.82 alloy on gold design 4, reduction and oxidation peaks for Au were 
recorded at 0 V and 0.3 V respectively; redox behavior of Ag is indicated at 0.3 V 
(reduction) and 0.6 V (oxidation). Deposition potential: -1.2 V, deposition time: 600 s. 
Scan rate of 10 mV s
-1
. 
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Cyclic voltammetry measurements of bare and AuAg modified gold electrodes 
confirmed successful deposition of the alloy layer, as denoted in Fig. 5.21. The incubation 
of the resulting deposit in 30 % nitric acid has led to an expected gradual removal of the 
silver, corresponding to a steady reduction in the observable oxidation and reduction peaks 
for Ag. Complete dealloying has been obtained after approximately 90 min of the acid 
treatment. 
Following the successful generation of gold and silver alloy composite, the Ag 
component was chemically etched by submerging the modified electrode in 30 % nitric 
acid for 90 min according to the protocol described in [58]. A gradual desertion of the 
peak for silver oxide has been recorded by CV measurements in 1 M NaOH until complete 
removal of Ag has been observed (Fig. 5.22) resulting in a highly porous nano-gold 
framework. 
 
Fig. 5.22. CV scan of AuAg modified gold electrode in 1 M NaOH recorded vs. Ag/AgCl 
directly after the alloy deposition (black line) and upon dealloying in 30 % HNO3: 30 min 
(red line); 90 min (green line). Scan rate: 10 mV s
-1
. Chemical etch of the less noble metal 
results in a gradual loss of the electrochemical signal of Ag triggering atomic 
rearrangement of Au layer. 
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Dissolution of silver during the chemical etch of silver was additionally confirmed 
by the measurements of the ratio of the oxidation charge peaks for Ag to Au. Each cycle 
represents a 10 min incubation of the alloy coated gold in 30 % HNO3. As the amount of 
charge passing through the metal is directly proportional to the quantity of the alloy 
deposit on the surface, decrease in the Ag/Au ratio with an increasing number of 
dealloying steps are an indication of a successful etch (Fig. 5.23.). In the case of generated 
NPG deposits, 9 cycles of 10 min acid treatment have been found optimum to remove the 
silver component. 
 
Fig. 5.23. Ratio of the oxidative charge for Ag and Au with respect to the number of 
dealloying cycles. Each cycle represents a 10 min treatment in 30 % HNO3. 
 
Scanning Electron Microscopy measurements confirmed the presence of a porous 
NPG network deposited on Au electrodes (Fig. 5.24). High resolution SEM micrographs 
of Nanoporous Gold revealed a compact network of highly porous deposits, composed of 
randomly oriented gold ligaments with high step density. The thickness of the resulting 
NPG layer was measured to 200 nm and controlled by the conditions and duration of the 
deposition step. 
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Fig. 5.24. High resolution SEM micrographs of NPG structures on Au electrodes, design 4 
shortly after dealloying; taken at the Tyndall National Institute; magnification of 17 500 
(top left); 60 000 x (top right); and 175 000 x (bottom row);  
 
  The electrochemical signal of NPG modified electrodes have been studied for 
designs 3 and 4 of the metal layouts and compared to the response of bare gold electrode. 
The electrochemical set up was composed of a three electrode system comprised of 
microfabricated Au WE, Pt as CE and Ag/AgCl as RE respectively as illustrated in Fig. 
5.25. Potential of the working electrode was controlled by CHI 660B potentiostat. 
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Fig. 5.25. Diagram of the electrochemical set-up for the characterization of plain and 
NPG modified electrodes in 0.1 M H2SO4 and in 0.01 M PBS buffered solutions. Not 
shown on the image is the external Ag/AgCl reference electrode.  
 
Characterization of plain and NPG gold metals has been carried out in static 
conditions using Cyclic Voltammetry measurements in 0.1 M H2SO4 and various 0.01 M 
PBS based solutions.  
The electrochemical response of NPG modified electrodes, design 3, and was first 
recorded in 0.1 M H2SO4 and compared with the signal of plain gold electrode as shown in 
Fig. 5.26. 
Connection to the 
potentiostat 
Platinum wire 
extensions 
On-chip NPG 
modified gold WE 
 
Silver epoxy 
insulated externally 
with nail varnish 
On-chip Pt CE 
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Fig. 5.26. CV of plain (red line) and NPG modified (black line) on-chip electrodes, design 
3, in 0.1M H2SO4, recorded vs. Ag/AgCl. Scan rate: 10mV s
-1
 
 
As can be seen from Fig. 5.26, the modification of gold with NPG structures 
resulted in a 60 % increase in the reduction and oxidation peak currents when measuring 
the signal in 0.1M H2SO4, indicating enhanced area of the electroactive metal surface. The 
improved response of NPG to the reactive species has been attributed to higher step 
densities and a larger number of active sites as compared to planar Au electrodes. Due to 
lower bond coordination numbers and favorable steric and electronic properties, gold 
nanostructures can provide adsorption sites suitable for variety of reagents [56]. It has 
been recently proven that the behavior of NPG active layer promotes prolonged residence 
time for certain species [59, 60]. 
Based on the average reduction peak of gold oxide in 1 M H2SO4 recorded at a scan 
rate of 0.05 mV s
-1
, theoretical (          ) and electrochemical (            ) surface 
areas of bare and NPG gold have been obtained for designs 3 and 4 of the electrode 
layouts.  Calculations of the electrochemically active surfaces were based on the 
assumption that the amount of charge generated by cm
2
 of Au electrode is 3.90 x 10
-4 
C 
[61]. Consequently, the roughness factors    
            
          
  for planar and NPG gold 
electrodes have been attained and the ratio between the two values was obtained for both 
designs (Tab. 5.7 and Tab. 5.8). 
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Tab. 5.7. Experimental and geometric surface areas of bare and NPG modified gold for 
design 3 of the electrode layout. 
 
Design 3 
 
 
Ageometric  (cm
2
) 
 
 
Aelectrochem (cm
2
) 
 
 
   
 
  
   
  
     
 
 
bare Au 
 
5.22* 0.53 ± 0.02 0.11 ± 0.04 
 12.8 ± 0.5  
NPG 
modified Au 
 
5.22* 7.34 ± 0.29 1.41 ± 0.05 
 
Tab. 5.8. Experimental and geometric surface areas of bare and NPG modified gold for 
design 3 of the electrode layout. 
 
Design 4 
 
 
Ageometric (cm
2
) 
 
 
Aelectrochem (cm
2
) 
 
 
   
 
  
   
  
     
 
 
bare Au 
 
5* 0.34 ± 0.01 0.07 ± 0.03 
7.9 ± 0.3  
        NPG 
modified Au 
 
5* 2.74 ± 0.11 0.55 ± 0.02 
 
*The practical geometric areas of gold electrodes have been estimated to 5.22 cm
2 
and 5 
cm
2 
for
 
designs 3 and 4 respectively, which is less than their theoretical values of 8.97 cm
2 
and 7.98 cm
2 
accordingly. This was due to the presence of the silver paste extension taking 
away some of the metal’s active surface. 
 
The electrochemically assisted deposition of Nanoporous Gold Structures resulted 
in a several fold increase in the active surface areas of gold electrodes, as illustrated in 
Tab. 5.7 and Tab. 5.8, with a higher value obtained for design 3 (~14 increase as compared 
to bare Au). Inferior response of electrode of design 4 can be attributed to a number of 
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factors, primarily the fabrication process resulting in dissimilar quality of deposited metals 
and their behavior upon electrochemical treatment. 
Following the initial CV measurements in sulfuric acid, the response of gold 
electrodes functionalized with Nanoporous Gold deposits was measured in phosphate 
buffered solution in the presence of the mediator, 5 mM FCA. 1.384 mM Na2SO3 was 
additionally added into the solution in order to sequester the dissolved oxygen and prevent 
its diminishing effect on the generated current (Fig. 5.27). Investigation of the redox 
behavior of the ferrocenecarboxylic acid on NPG electrodes was essential for further 
implementation of the catalyst, glucose oxidase. Although the enzyme was not present 
during the preliminary studies, sodium sulphite (Na2SO3) was added to the buffer, in order 
to suppress the possible negative effect of the oxygen on GOX and to mimic the exact 
conditions when working with the enzyme.  
 
Fig. 5.27. Cyclic Voltammetry measurements of plain (red line) and NPG modified (black 
line) electrode microfabricated on Zeonor substrate, design 3, in 0.01 M PBS pH 7.0 
containing 5 mM FCA and 1.384 mM Na2SO3. Potential recorded vs. Ag/AgCl.Scan rate: 
20mV s
-1
. 
 
As depicted in Fig. 5.27, the electrochemical studies on NPG modified electrodes 
indicated a reversible character of the reaction for ferrocenecarboxylic acid and an 
approximately 13 % increase in the values obtained for the oxidative and reductive peak 
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currents, as compared to the bare gold electrode of the same design. This suggests 
enhanced active surface area of nanoporous gold electrodes and is consistent with the 
calculated roughness factors for the deposit (Tab. 5.7 and Tab. 5.8). The reversibility of 
the redox processes for ferrocenecarboxylic acid has been studied based on the potential 
and current values as described in Appendix A and the results for bare and modified gold 
electrodes, designs 3 & 4, are summarized in Tab. 5.9 and Tab. 5.10. 
 
Tab. 5.9. Determination of the reversibility of redox reactions for FCA on NPG modified 
gold electrode, design 3. 
 
NPG design_3 
 
 
ΔE*(V) 
 
 
 
  
 **(V) 
 
|
        
        
| 
 
 
0.01M PBS solutions 
5mM FCA and 1.384mM Na2SO4 
 
0.15 0.318 0.922 
5mM FCA and 100mM glucose 
 
0.146 0.317 0.915 
5mM FCA, 100mM glucose, 
1.384mM Na2SO4 
0.177 0.320 0.927 
 
Tab. 5.10. Determination of the reversibility of redox reactions for FCA on planar gold 
electrode, design 3. 
 
Planar Au design_3 
 
 
ΔE*(V) 
 
 
  
 **(V) 
 
|
        
        
| 
 
 
0.01M PBS solutions 
5mM FCA  and 1.384mM Na2SO4 
 
0.132 0.316 0.974 
5mM FCA  and 100mM glucose 
 
0.123 0.317 0.963 
5mM FCA, 100mM glucose, 
1.384mM Na2SO4 
0.162 0.319 0.993 
 
*                      
**   
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The electrochemical studies of planar Au and NPG electrodes in different media 
confirmed enhanced current values recorded for the latter. The improved electroactive 
properties were most prominent in 0.1 M H2SO4, resulting in a 60 % increase in the 
oxidative and reductive peak values (Fig. 5.26). Investigation of the behavior of NPG 
modified electrodes in 0.01 M PBS containing 5 mM FCA and 1.384 mM Na2SO3, 
demonstrated a 25% increase in the electrochemical signal for NPG gold (Fig. 5.27). 
Additionally, the redox response of 5 mM FCA in 0.01M PBS buffer for planar Au and 
NPG modified electrodes confirmed a reversible behavior of the mediator based on the 
measurements of potential and peak currents (Tab. 5.9 and Tab. 5.10). 
Preliminary studies on the enzymatic activity of glucose oxidase on NPG 
functionalized surfaces were carried out for design 3 and 4 of the electrode layouts in 0.01 
M PBS buffered solutions containing 100 mM glucose, 5 mM FCA and 1.384 mM 
Na2SO3. Fig. 5.28 compares the electrochemical response of GOX immobilized on 
nanoporous gold electrodes via drop-coating technique to plain NPG, design 3. 
 
Fig. 5.28. Cyclic Voltammetry measurements of plain NPG (red line) and NPG modified 
with 1 mg mL
-1
 GOX (black line) electrodes microfabricated on Zeonor substrate, design 
3, in 0.01 M PBS containing 100 mM glucose, 5 mM FCA and 1.384 mM Na2SO3. 
Potential recorded vs. Ag/AgCl. Scan rate: 10mV s
-1
. 
The origin of the additional oxidation peak at 0.8 V is the electrode contamination with 
organic impurities. These were most likely introduced on the NPG fabrication step or due 
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to a silver residue present as a result of an incomplete etching of Ag component on the 
dealloying process. 
Investigation of NPG electrodes biofunctionalized with glucose oxidase (1 mg mL
-
1
 in 0.01 M PBS buffer) indicated retained biological activity of the enzyme and successful 
catalytic oxidation of glucose in the presence of the mediator species and Na2SO3. A 
significant decline in the reduction current and a 76 % increase in the oxidative peak for 
modified gold, in the presence of glucose oxidase, have been recorded as can be seen in 
Fig. 5.28. High current values obtained by the GOX functionalized NPG gold electrode 
indicates a promising strategy in the preparation of the bioanodes for the future enzymatic 
biofuel cells with improved performances. 
 
5.7.  Design and fabrication of the microfluidic channels. 
 
5.7.1.  Selected channel geometries. 
 
The design of the microfluidic channels has been based on the theoretical 
investigation of the microfluidic system, performed using two numerical software 
packages: COMSOL Multiphysics and Mathematica. Optimization of the channel layouts 
was feasible, due to modelling of the behavior of the flow and the diffusion of species 
across the anolyte and catholyte compartments of the channel.  
Following from the simulation results, a classical Y-shape of the channel layout 
has been investigated for the development of enzymatic biofuel cells. This design 
incorporated two types of inlets: well defined, point entries for a vertical supply of the fuel 
and oxidant (Fig. 5.29 top) or a sideways, horizontal inflow of the species provided in 
parallel to the channel plane (Fig. 5.29 bottom). Within each design, five different channel 
and inlet widths have been considered, ranging between 200 µm and 1000 µm (main body 
of the channel) and 100 µm – 500 µm (inlets). The angle between the inlets has been set 
for all designs to 45 °. The overall length of the channel compartment is l = 30 mm and it 
encompasses a number of features: the diameter of the inlet points (d = 3 mm, Fig. 5.29 
top), the distance between the inlet points and their intersection with the channel (c = 1.5 
mm, Fig. 5.29 top), the gap between the outlet point / inlet junction and the area occupied 
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by underlying electrodes patterned on top device part (a = 1.15 mm); the separation of the 
point inlets (Fig. 5.29 top) / outlet from the edge (z = 2.6 mm). Tab. 5.11 presents a 
complete list of all the dimensions. 
 
Fig. 5.29. Schematic of the channel designs, classical Y-shape with point inlets for the 
vertical supply of the fuel and oxidants (top) and sideway entry into the channel for 
horizontal delivery of the species (bottom). 
 
The considered range of the channel and inlet widths has been selected based on 
the theoretical investigations of the laminar flow in the microfluidic domain, described in 
Chapter IV of this thesis. The diameter (d) and the distance between the inlet points (α, c) 
have been determined by the size of the available tubing connections (Ø 1.6 mm) and the 
physical requirement for the fuel and oxidant separation. The overall length of the channel 
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feature and the distance from the inlet junction and outlet point (a), have been governed by 
the geometries of the underlying electrodes. 
 
Tab. 5.11. Dimensions of the channel patterns for designs 1-5, where x and y are the 
respective widths of the channel and the inlets. 
 x (µm) y (mm) z (mm) a (mm) c (mm) l (mm) d (µm) α(°) 
Design 1 200 100 2.6 1.15 1.5 30 3 45 
Design 2 400 200 2.6 1.15 1.5 30 3 45 
Design 3 600 300 2.6 1.15 1.5 30 3 45 
Design 4 800 400 2.6 1.15 1.5 30 3 45 
Design 5 1000 500 2.6 1.15 1.5 30 3 45 
 
 
5.7.2. Fabrication of the microfluidic channels. 
 
Fabrication of the microfluidic features in Zeonor and PDMS substrates has been 
carried out by imprinting of the channel relief patterns integrated on the silicon stamps 
onto the polymer materials using common molding techniques: high temperature and 
pressure hot-embossing in Zeonor and replica molding from a commercial mixture of a 
liquid PDMS. Silicon stamps have been routinely employed in microfabrication 
technology as chemically stable and mechanically robust tools for the micro-transfer 
patterning of small scale features. In this Ph.D. work Si templates with machined reliefs of 
the channel geometries have been processed based on previously fabricated Chrome-on-
Glass (COG) master photomasks. Both templates allow relatively easy and precise transfer 
of the microscopic patterns onto the respective substrate.  
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Preparation of the silicon stamps with the channel relief 
 
Fabrication of the channels in polymer materials required two templates: a silicon 
stamp for direct patterning of the substrates and a COG master to produce the former.  
The design of the COG masks was prepared in the Central Fabrication Facility of 
the Tyndall National Institute using Mentor Graphics IC Station software. The processing 
of photomasks was carried out by Compugraphics Intl. Ltd (Scotland), according to the 
procedures described in Appendix B. The fabricated COG masks were used as templates 
for the production of the silicon stamps employed for further engraving of the channel 
features in the Zeonor and PDMS polymers.  
Silicon stamps were prepared by a Deep Reactive Ion Etch (DRIE) of silicon in a 
mixture of gases. In DRIE, under conditions of low pressure and a strong electrical field, 
activated ions bombard the surface almost vertically, etching away the underlying 
material. Silicon etch is typically carried out with sulphur hexafluoride [SF6] as the main 
reactive plasma component.  In general, stamp fabrication involves the following 
processing steps: coating the silicon with a thin layer of a photoresist; exposing the surface 
to UV light through an appropriate COG mask; removal of the resist followed by a deep 
reactive ion etch of the silicon (areas protected by the photoresist will not be washed 
away) and finally removing of the remaining resist. The shape and dimensions of the 
obtained silicon pattern are precisely controlled by the design of the mask. The schematic 
of the process is illustrated in Fig. 5.30. 
 
 
Fig. 5.30. DRIE of silicon masks for the channel fabrication. 
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Prior to the deep etch, silicon wafers had to undergo a multi-step cleaning protocol, 
which was carried out in a Silicon Fab at the Tyndall National Institute. The wafers were 
pre-baked for 40 min at 180 ºC to remove any moisture and an adhesion promoter 
(hexamethyldisilzane, HDMS) was deposited for 80 s at 150 ºC. The following step 
involved spin coating of a positive photoresist (OIR 908-35) up to a 3.4 µm thickness 
(5000 rpm). Wafers were then baked for 90 s at 90 ºC to evaporate off any remaining resist 
solvent and to enhance the reaction with UV light.  Silicon wafers were aligned with the 
COG masks using a Canon Mask Aligner PLA600 and exposed to UV for 25 s.  Post-
exposure bake was carried out at 120 ºC for 90 s after which a two stage, “double puddle” 
development of the resist was performed. Each step involved a 40 s treatment with an 
OPD 5262 (positive resist developer) and a thorough wash with DI water. Final cleaning 
of the patterned silicon included: incubation in a H2SO4/H2O2 bath (5 L of acid: 100 mL of 
peroxide) at 130 ºC; rinsing with DI water and drying in a semi tool washer-dryer 
(consecutive DI water wash and drying in a stream of nitrogen). 
Silicon wafers were then transferred for Deep Reactive Ion Etch. DRIE is an 
Aspect Ratio Dependent Etching (ARDE) and its outcome depends highly on the 
dimensions of the etched features, primarily the depth to width ratio. During the DRIE 
process reacting gasses have to easily access the structural cavities at the same time 
allowing the waste products to be efficiently removed. At high aspect ratios (> 5: 1, for 
very deep and narrow features) the etch rate drops due to gas transport limitations. 
Another important processing requirement is that for the etch to proceed effectively, at 
least 30 % of the substrate surface needs to be covered with the photoresist. This 
prerequisite, governs to a certain extent the ultimate design of the fabricated features. 
DRIE was carried out in the Fabrication Facility of the Tyndall National Institute using an 
Advanced Silicon Etcher from (Surface Technology System Plc. UK). Etching of the 
channel features in silicon was done for 20 min at room temperature using a multiplexed 
Bosch process. This method involves using alternative etch and passivation steps 
(typically 9 s etch and 2 s passivation slits) in order to produce a vertical (an-isotropic) 
feature profile.  Reactive ions were produced from a mixture of sulphur hexafluoride (SF6) 
and octafluorocyclobutane (C4F8). Gasses were provided to the reaction chamber at 200 
and 300 sccm flows and at pressures of 54 and 38 mTorr, respectively. Ionization was 
initiated by applying a radio-frequency (RF) power of 200 W (coil) and 20 W (platen). At 
the etching step the coil power is inductively coupled into the SF6 filled upper chamber to 
produce high density plasma. The silicon wafer sits on a lower chamber (platen) under a 
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small RF bias and the sulphur hexafluoride plasma chemically etches the exposed silicon. 
As the etch is an-isotropic, the second part of the Bosch process requires the passivation 
step. At this stage 200 sccm of octafluorocyclobutane flows into the chamber and the 
plasma is induced by applying 200 Watts of coil power. The passivation occurs as carbon 
and fluoride monomers coat the etched silicon surfaces. In the following etch step the SF6 
ions have enough energy to remove the polymer from the bottom surface of the channel 
but not from the side-walls and therefore the silicon is only etched in the vertical direction. 
In order to maintain the vertical etch characteristics, it is then crucial to cool down the 
wafer and the resist. A chiller unit keeps the platen at 20 ºC while helium at the pressure of 
10 Torr flows to the back of the wafer providing a good thermal contact between the two. 
After etch the channel depths were measured with a Tencor Alphastep 200 system (CAE, 
USA). The schematic representation of the DRIE processing of the silicon stamps with 
microfluidic channels is depicted in Fig. 5.31. 
 
 
 
Fig. 5.31. Deep Reactive Ion Etch of silicon for the fabrication of microfluidic channels. 
 
DRIE of the channel on 
silicon 
Silicon based channel 
stamps 
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Channel imprinting in PDMS and Zeonor polymers 
 
Patterns of the channels were ultimately transferred to Zeonor and PDMS by 
respective hot-embossing or simple casting of the liquid PDMS elastomer onto the silicon 
mask and curing the assembly in the oven until set. 
 
Preparation of the channels in PDMS was carried out by casting a liquid silicon 
resin solution (Sylgard 184 elastomer kit) onto clean silicon stamp and curing in the oven 
at 90 ºC for 2 h.  PDMS was prepared in disposable plastic container by mixing the two 
components in a 10:1 base: agent ratio. The curing agent was always added last and mixed 
vigorously (glass rod used) with the base until numerous air bubbles were formed. Liquid 
PDMS was then degassed at -20 ºC for 1 h. Silicon stamps were cleaned with copious 
amounts of IPA and DI water and dried in a stream of nitrogen. A small, circular Pyrex 
dish was laid out with alumina foil and the clean stamp was placed in it. 11 mL of the 
silicone mixture (10 mL of the base and 1 mL of the curing agent) was gradually casted on 
top of the stamp and any remaining air bubbles were removed using a tip of a needle. The 
stamp was gently pressed to the bottom of the glass dish to ensure no air was trapped in 
between the Al foil and silicon. Following curing in the oven (1.5 h at 90 ºC) the solidified 
PDMS and silicone assembly was easily removed from the glass dish, due to the presence 
of Al, and PDMS cover was carefully peeled off from the Si surface. Silicon stamp was 
recovered and after cleaning was used for further casting. Channel pattern was cut out 
from the PDMS bulk and the inlet and outlet points were perforated using a thin hollow 
metal rod. PDMS channels were rinsed with IPA and DI water and stored in particle-free 
environment in a closed Petri dish when not in use. 
 
Channel hot-embossing in Zeonor 
 
Zeonor based µ-channels have been prepared by a hot-embossing technique using 
the fabrication facilities available at the Tyndall National Institute. In this method the 
silicon stamp bearing the channel features and the polymer substrate were brought 
together in a hot-embosser (HEX03, Jenoptik Mikrotechnik GmbH, Germany) and a high 
pressure and temperature were applied to the assembly for a defined period of time.   
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A series of tests have been performed on a dummy Zeonor slide, in order to 
optimize the embossing conditions and to provide a set of working parameters (e.g. 
applied force, temp) for precise transfer of the channel pattern onto the polymer matrix. 
Fig. 5.32 illustrates two sample channels hot-embossed in Zeonor by applying 140 °C and 
9 kN of pressure for 5 min. 
 
Fig. 5.32. Microfluidic channels hot-embossed in Zeonor by application of 140 
o
C and 9 
kN for 5 min. 
 
Following the molding step, the quality of imprinted features was visually 
examined and further assessed by SEM and Tencor measurements. Dimensions of the 
embossed channels have been investigated using a Zygo optical surface profiler (ZygoLot 
GmbH, Germany). Based on the analysis of the embossed patterns, the highest accuracy of 
the channel geometries in Zeonor has been obtained at 145 ºC and 10 kN of applied force, 
when the processing has been carried out for 360 s. Additionally, a waiting time of 500 s 
has been employed prior to each thermal molding run. Fig. 5.33 depicts an SEM 
micrograph of a channel, design 5 (1000 µm wide), hot-embossed in Zeonor and casted in 
PDMS for better visual examination. The width of the imprinted feature has been 
determined to 1 mm, confirming a precise tranfer of the channel geometry onto the polyme 
substrate. 
The height of the microfluidic channels, fabricated using the selected embossing 
parameters (145 °C, 10 kN,  360 s) and determined by Zygo measurements (Fig. 5.34), 
was in all cases approximately 100 μm, which is in an excellent agreement with the 
projected height for all channel designs. Fig. 5.34 illustrates Zygo readings recorded at the 
top view and a cross section of the fabricated channel. 
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Fig. 5.33. Scanning Electron Micrograph featuring a PDMS cast of a microfluidic channel 
(design 5) hot-embossed in Zeonor. 
 
 
 
Fig. 5.34. Zygo measurements of the channel’s height; top view (left), cross section 
(right). Indicated as red are walls of the channel, blueis the bottom of the design, white 
areas are regions inaccessible, due to shadowing effect. 
 
 
Fig. 5.35 and Fig. 5.36, represent comparison of the hot-embossed channel and 
inlet dimensions obtained by Tencor measurements with the theoretical values for the 
width (Fig. 5.35) and the depth (Fig. 5.36). A supplementary table incorporating the ratio 
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of the experimental (µm) to the theoretical (µm)  dimensions (relative, dimensionless 
values)  for the channel and inlets have also been provided. 
 
 
Fig. 5.35. Ilustrates relative  width of the channel (blue) and inlet (red) patterns for a 
series of hot-embossed Zeonor samples. 
 
 
 
Fig. 5.36. Represents relative  depth of the channel (blue) and inlet (red) patterns for a 
series of Zeonor samples hot-embossed at 145 °C, 10 kN for 360 s. 
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Sample number 
sample nr channel   inlet 
1a 0.965 0.926 
1b 0.939 0.893 
2a 0.955 0.910 
2b 0.945 0.830 
3a 0.988 0.918 
3b 0.935 0.853 
4a 0.930 0.840 
4b 0.940 0.853 
5 0.930 0.873 
sample nr channel   inlet 
1a 1.020 0.990 
1b 0.920 0.970 
2a 0.960 0.970 
2b 0.950 0.940 
3a 0.980 0.960 
3b 0.960 0.950 
4a 0.970 1.020 
4b 1.020 0.990 
5 0.920 0.970 
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As indicated in Fig. 5.35 and Fig. 5.36, the relative width and depth of the channel 
and inlet patterns, calculated as the ratio of the experimental (Tenkor measurements) to the 
theoretical (design) values, oscilate around 1, indicating a satisfying correspondence of the 
fabricated patterns with the dimensions implied by the design. 
 
5.7.1. Challenges associated with the channel fabrication. 
 
A number of challenges associated with the manufacturing of the microfluidic 
channels have been encountered in due course of this fabrication work. The main issue 
was related with the size of the projected features, ranging from 100 µm up to 1 mm.  
Investigation of the preliminary batch of the silicon stamps for the channel patterning, 
revealed the presence of unetched silicon outlayers and undefined inner structures. These 
can be seen in Fig. 5.37, which represents microscopic images of the areas around the 
channel and the surrounding of the inlet, obtained with a high resolution Nikon Eclipse LV 
150 microscope (Aquilant Scientific, UK). 
 
 
Fig. 5.37. Microscopic images of the silicon masks for the channel fabrication. “Bubbles” 
of un-etched silicon are visible around the inlet points and the main body of the channel. 
 
Images taken at high magnifications further confirmed the imperfections of the 
etching technique, when processing the circular features of very small sizes (Fig. 5.38) 
 
 
100µm 100µm 
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Fig. 5.38. Imperfections of the etching method, due to small dimensions of the inlet 
features. 
 
The subsequent batch of silicon masks was characterised by much better quality, 
however the stamps were still very brittle and prone to breaking. In this light, hot-
embossing of the channels with the fabricated silicon masters was a challenging task, as it 
required a perfect alignment of the padding glass slides supporting the Zeonor substrate 
and the patterned silicon stamp. If not centred, the silicon would crack immediately once 
the pressure was applied, concurrently damaging the underlying polymer material. 
Furthermore, the release of the stamps following the hot-embossing step and cutting the 
channel design out from the rigid Zeonor slides were problematic and required the use of a 
sharp blade of a knife.  
 
5.8.  Assembly of the microfluidic devices. 
 
For a successful operation of the biofuel cell in microfluidic environment, polymer 
substrates bearing the patterned electrodes and microfabricated channels need to be 
brought together in a stable, water-tight seal. The integration of the cellular components is 
schematically illustrated in Fig. 5.39. 
Due to small 
dimensions 
features not 
perfectly 
circular 
50 µm
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Fig. 5.39. Schematic of the electrode and channel assembly. 
 
 
5.8.1. Bonding of the channels to electrodes in Zeonor. 
 
Bonding of two Zeonor substrates, top channel compartment and bottom electrode 
unit, has been initially investigated using modified protocols, described in [62, 63]. In this 
procedure, a thin film of liquid PDMS (10-25 µm) was employed as an adhesive layer, 
holding the two polymer parts together. Prior to the assembly, the Zeonor substrates have 
been exposed to the oxygen plasma at 900 mTorr and high power setting for 1 min for 
three consecutive cleaning cycles. 2 mL of PDMS solution was prepared fresh by mixing 
the base and the curing agent in a 10:1 (w/w) ratio. The elastomer was degassed at -20 ºC 
for 40 min and finely coated on a microscopic glass slide. A thin layer of PDMS was then 
transferred onto the Zeonor substrate with embossed microfluidic channel by pressing the 
polymer against the glass slide. Following the transfer of PDMS, a Zeonor substrate with 
patterned electrode was placed on top of the channels and the pressure was applied using a 
clamp. The assembly was pre-cured at room temperature for 20 hours following which the 
device was placed in the oven at 90 ºC for 30 min [62]. Additionally, a one-step incubation 
in the oven at 70 ºC for 1 h [63] has also been considered. The bonding of Zeonor 
substrates in the presence of a thin layer of PDMS adhesive is illustrated in Fig. 5.40.  
Pt           Au 
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Fig. 5.40. A) Schematic of the bonding protocol using PDMS as the adhesive layer; B) 
graphical representation of the substrates prior to thermal curing [62]. 
 
In order to minimize the risk of blocking the channels with PDMS glue and to 
provide higher bonding reproducibility, PDMS dilution in toluene was spun-coated onto a 
clean microscopic glass slide or a glass wafer using a WS-650-15 Spin Coater (Laurell 
Technologies Corporation, USA). PDMS solution (base: curing agent in 10:1 w/w ratio) 
was mixed with toluene in 1:4 ratio and deposited on a clean glass wafer in a two-step 
process (3 s at 500 rpm and 60 s at 1500 rpm). Following the spin coating, Zeonor 
channels were pressed against the thin coating of PDMS and clamped with Zeonor 
substrate carrying the electrodes. The device was then cured at room temperature or in the 
oven. Additionally, bonding of Zeonor slides was also performed using a low temperature 
UV / ozone treatment, according to the protocol in [49]. In this method, the polymer 
substrates were thoroughly cleaned in IPA, rinsed with DI and dried in the nitrogen 
stream. UV / O3 exposure was carried out in a UV/Ozone Procleaner
TM
 Plus instrument 
(BioForce Nanosciences, USA) at high power settings for 20 min. Following the 
treatment, the Zeonor units were manually aligned and assembled in a hot-embosser for 90 
s at 60 ºC and an applied force of 10 kN.  
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The efficiency of the Zeonor - Zeonor assembly was also investigated using 
organic solvents, according to the protocol described in [64]. The bonding solution was 
composed of 20 % (by weight) of 1, 2-dichloroethane and 80 % ethanol. Both reagents 
were of analytical grade. Plain Zeonor slides were cleaned with IPA, immersed in acetone 
for a period of 10 s and dried in a nitrogen stream. Following the cleaning step, 5 drops of 
the bonding mixture were applied evenly onto each polymer surface to provide a uniform 
coating. Zeonor substrates were further clamped in a room temperature for 30 min. 
Modification of the above protocol employed exposing the polymer to cyclohexane vapors 
for 10 min prior to bonding.  In this method, approximately 20 mL of cyclohexane has 
been transferred into a glass dish and placed on a hot plate, adjusted to 45 ºC. Zeonor 
compartment bearing the channel was immobilized at the bottom of a Petri dish and placed 
over the solvent surface (Fig. 5.41). The substrates were exposed to the vapors for 10 min, 
following which they were brought together in a clamp.   
 
 
Fig. 5.41. Solvent bonding of Zeonor substrates using cyclohexane. 
 
Although numerous bonding techniques have been undertaken in the course of this 
fabrication work, obtaining a permanent assembly of the channels and electrodes patterned 
in Zeonor was proved to be challenging. UV/ Ozone and organic solvent treatments 
supported by the application of a pressure in a clamp resulted in a very weak and short - 
term seal between the two compartments. Additional implementation of a thin PDMS film, 
manually applied or spun - coated, did not improve the adhesion of Zeonor substrates in 
the presence of metal electrodes.  
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5.8.2. Assembly of the Zeonor electrodes to PDMS channels. 
 
Following the preliminary bonding approach, channels in Zeonor have been 
replaced with PDMS.  Many accounts on the successful bonding of PDMS to a variety of 
substrates have been reported in the literature [63, 65-67]. One of the best known 
procedures to achieve a permanent attachment to other silicone based materials is plasma 
activation of the PDMS surface. PDMS is a polymer composed of repeating monomers of 
silicon oxide and a methyl group- [SiO-(CH3)]. The intrinsic hydrophobic nature of PDMS 
prevents an easy adhesion to other materials and can be realized only when the surface is 
made hydrophilic. In order to make the polymer temporarily hydrophilic, limited exposure 
to oxygen plasma can be applied. In general, the O2 plasma acts as an oxidizing agent. It 
removes the hydrogen atoms from the surface of the PDMS, subsequently creating free 
carbon radicals, which upon contact with oxygen molecules result in the formation of 
functional hydroxyl groups. Plasma activation has been found to strongly promote the 
permanent adhesion of PDMS to glass, silicon and various polymer substrates and hence 
has been considered as the initial surface treatment employed in the assembly of Zeonor 
and PDMS based microfluidic devices. 
 
Plasma activation of the PDMS channels 
 
Following preparation, the PDMS surface is hydrophobic and non-reactive. In 
order to be able to bind it to Zeonor, the surface properties had to be altered in the oxygen 
plasma. Reactive oxygen species formed in the plasma chamber, attack the methyl groups 
of silyl (Si-CH3) and replace them with -OH, producing highly hydrophilic silanol 
functions (Si-OH) as shown in Fig. 5.42. 
Surface modification by plasma treatment is only temporary and after 
approximately 30 min silanol groups migrate to the PDMS bulk and cross-link with the 
polymerized entity, restoring the polymer’s original hydrophobic character. This process 
can be effectively impeded by storing PDMS in polar solvents.  
 
241 
 
 
Fig. 5.42. Plasma activation of the PDMS surface.  
 
As demonstrated in the literature [21, 68], the quality of the surface treatment and 
associated strength of the assembly with other materials depend strongly on the plasma 
characteristics, with the improved bonding efficiency reported typically at high power (20 
Watts RF) and for short periods of time (20 s). Prolonged exposure to high power plasma 
yields a deep oxidation of PDMS surface and may lead to deactivation of the available 
chemical groups. Low pressure reactors provide directional bombardment using highly 
energetic ions, which can effectively disturb the PDMS layer and weaken the interactions 
at the surface.  
PDMS substrates age with time and at a certain point can no longer be activated by 
the plasma exposure. Although aged PDMS surfaces can be recovered in 5-10 min baths 
of concentrated HCl acid [21], it is highly recommended to prepare the polymer fresh prior 
to any experimental work. Successful activation of the PDMS surface can be confirmed by 
the contact angle measurements, where the reduction in the values recorded following the 
treatment can be as high as 100 °. In the course of this work, the optimum plasma 
parameters have been obtained at 900 millitorrs of pressure and high power setting for 
1min.  
 
Binding of PDMS channels to metal electrodes on Zeonor 
 
A number of bonding techniques to attach PDMS to various polymer substrates has 
been described, however by far; the most convenient and hence still the most prevailing 
approach is plasma activation. In addition, many authors report the use of UV / O3 
treatment in order to activate the siloxane surface prior to bonding [49, 68]. The principle 
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of the ozone treatment also relies on the formation of highly reactive functional groups 
through surface oxidation. Depending on the ultimate application, bonding of PDMS to 
certain substrates can also be achieved using a variety of commercial glues (e.g. Araldite), 
adhesives of medical grade (e.g. polyimide Tape PPTDE-2, [69]) or biocompatible 
epoxies (e.g. Adhesive Prime Coat, [11]). A thin layer of PDMS, spun coated onto the 
substrates and cured in the oven or at a hot press has also been employed by numerous 
researchers to provide a seal between two samples [70]. Despite the effective binding of 
the PDMS to glass and silicon materials, several authors demonstrated that a stable 
bonding with a number of polymer substrates in the presence of metals is often 
problematic [11]. 
 The initial bonding of PDMS channels and Zeonor based electrodes, performed in 
due course of this work, involved exposing the PDMS surface to oxygen plasma at 900 
mTorr and high power for 1min. Immediately after the treatment, the PDMS cover was 
placed on the Zeonor electrode part and a pressure was applied manually for 3 min. The 
assembly was left to cure overnight to increase the efficiency of the bond. The plasma 
activation approach, although providing a relatively sufficient temporal attachment, 
unfortunately did not result in a long – term binding of the Zeonor and PDMS substrates, 
which is an essential prerequisite for successful operation of the biofuel cell in flowing 
conditions. 
Varying the plasma conditions and the application of a number of commercial 
glues (e.g. Araldite) and biocompatible adhesives have been further considered. 
Nevertheless, none of the investigated bonding procedures was sufficient to create a strong 
and long-lasting seal; in certain cases leading to substrate damage (blocked or deformed 
channels). Elastomeric polymers, such as polydimethylsiloxane, display outstanding non-
permanent adhesion to a wide range of substrates [71], which suitable for a number of 
applications, cannot satisfy the requirements of the microfluidic devices. Yet, only a 
narrow group of materials including glass, polystyrene and silicon derivatives can create a 
permanent seal with PDMS upon its surface activation [8]. As demonstrated in due course 
of this work, bonding in the presence of metal electrodes further inhibits the formation of a 
long-lasting assembly. In addition, due to limited duration of the plasma activation (<1 
min) and the distant location of the Flip Chip bonder, the PDMS and Zeonor could not be 
aligned automatically using the instrument. For that reason, all devices produced as part of 
this thesis had to be assembled manually, resulting in human imprecisions and the lack of 
reproducibility in the alignment of the generated platforms.  
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A solution to the bonding issue has been found in a form of an Adhesive Sylgard 
Prime Coat (Dow Corning). As reported in [11], dilutions of the adhesive in heptane (10-
100 % by volume), followed by plasma activation, create an irreversible bond between 
polymer substrates, even in the presence of the metals.  
PDMS and Zeonor substrates were cleaned in the oxygen plasma (3 cycles of 1 
min at 900 mTorr and high power), rinsed with copious amounts of IPA and deionized 
water and blow-dried in the nitrogen stream. 10 % concentration of the adhesive was 
prepared fresh in heptane by mixing 1 mL of the primer with 9 mL of the solvent. A thin 
layer of the adhesive mixture was then applied evenly on the surface of PDMS channel 
part avoiding any contact with the channel and exposed to the O2 plasma for 40 s (900 
mTorr and high power). Following the surface activation, the PDMS cover was 
immediately placed on top of the Zeonor slide bearing Au and Pt electrodes and the 
pressure was manually applied for 3 min. The assembly was left to cure overnight and the 
effectiveness of the bond was tested the following morning. Fig. 5.43 represents a Zeonor 
- PDMS based device assembled using the Adhesive Prime Coat activated in the oxygen 
plasma, according to the discussed procedure. 
 
Fig. 5.43. Microfluidic platform composed of top PDMS channel (design 4) and Zeonor 
bottom compartment with patterned Au and Pt electrodes (design 2) sealed with Adhesive 
Prime Coat activated in the O2 plasma. 
 
Tab. 5.12 summarizes the main bonding techniques employed in the assembly of 
Zeonor to Zeonor and Zeonor to PDMS electrode and channel compartments of the biofuel 
cell. Despite the number of approaches, the successful binding of the polymer substrates 
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has been demonstrated only in the presence of 10 % (by volume) Adhesive Sylgard Prime 
Coat (Dow Corning) in heptane. 
 
Tab. 5.12. Summary of main bonding approaches for Zeonor and PDMS substrates 
 
 
 
 
 
 
 
In addition, reversible bonding of PDMS and Zeonor samples was achieved using a 
microfluidic polycarbonate holder fabricated in the Mechanical Workshop at the Tyndall 
National Institute, discussed in Chapter II of this Ph.D. thesis.  
 
5.9. Conclusions. 
 
This chapter describes the design and fabrication of microfluidic platforms for the 
development of enzymatic biofuel cells. The obtained devices are composed of a bottom 
Zeonor substrate with gold anodes and platinum cathodes and top microfluidic 
compartment with channels in PDMS. A number of channel and electrode geometries have 
been obtained for diverse experimental conditions, based on the theoretical investigations 
of the microfluidic system, discussed in Chapter IV. Corresponding processes for the 
device fabrication were developed and the components for the biofuel cells have been 
successfully obtained.  
Fabrication of the polymer platforms was carried out in three separate processing 
steps involving the use of the state – of – the – art microfabrication technologies. Various 
bonding techniques have been investigated, in order to assemble the electrode and the 
channel compartments for a future generation of platforms for microfluidic enzymatic 
biofuel cells. Among the discussed binding approaches, the most successful was the 
Zeonor - Zeonor Zeonor - PDMS 
PDMS adhesion layer Oxygen plasma bonding 
UV/O3 bonding 
Commercially available glues e.g. 
Araldite 
Solvent bonding with 20 % DCE : 
80% EtOH;  in the presence of 
cyclohexane 
Adhesive Sylgard Prime Coat in 
heptane (10 %) 
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application of an Adhesive Sylgard Prime Coat (10 % solution in heptane) and hence it is 
recommended for further studies on the Zeonor and PDMS substrates. A number of 
fabrication issues have been encountered during the manufacturing step, solutions to 
which were proposed accordingly. Suggestions for the improvement of the fabrication 
process, in order to enhance the device performance, have been proposed in each chapter 
section.  
Future work needs to emphasize the need for bonding automation in order to 
provide reproducibility and high precision alignment by, for instance, using a Flip Chip 
Bonder (Fig. 5.44). To counteract the challenges related with the component binding, an 
alternative design encompassing both the channels and the electrodes on a common 
substrate could be employed. This approach should also minimize any issues with the 
alignment of the required cellular units.  In order to increase the lifetime of the channel 
stamps, alternatives to silicon should be considered. Hot-embossing of the channel 
patterns in polymers could be substituted with highly accurate micromachining 
technologies. 
Following successful on-chip fabrication and electrochemical characterization in 
buffered solutions containing redox species, gold electrodes were modified with NPG 
structures. The quality of resulted deposits was verified using high resolution SEM 
instrumentation. The electrochemical response of gold nanostructures was studied in 0.1 
M H2SO4 and buffered media containing substrate and mediator molecules for GOX, 
confirming increased electrochemical response of the NPG deposits with respect to bare 
gold. 
 
 
Nanoporous Gold Structures exhibit high chemical, mechanical and thermal 
stability [56]. Unlike typical gold nanoparticles frequently employed in biofuel cells, they 
do not require carbon support and, as such, can be deposited on metal substrates to form 
robust and stable modification layers. In theory, porous structure of NPG promotes 
enhanced mass transfer of reactants towards the active surface of gold and enables 
efficient release of reaction by-products. Due to their excellent electrical conductivity and 
unique surface morphology, NPG layers provide an accommodating and stable 
environment for biocatalyst immobilization. Electronic properties of the porous features 
favor the intimate contact with the protein, increasing the efficiency of catalysis under 
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investigation. Although the surface areas of the NPG electrodes are considerably higher 
with respect to bare Au electrodes, the electrochemical response in static environment is 
significantly compromised by the diffusion of species in the nanostructures and possible 
steric hindrance encountered by larger biomolecules [72]. Therefore conducting the same 
experiments under flowing conditions should significantly enhance the response for NPG 
electrodes.  
 
 
Fig. 5.44. Flip Chip Bonder for the precise alignment of device components; consists of 
the stage, micro stamp, elements for the adjustment of the substrates and applied force, 
light source.  
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CHAPTER VI 
IMMOBILIZATION OF ENZYME CATALYSTS 
 
Research is to see what everybody else has seen, and to think what nobody else has 
thought. 
A discovery is said to be an accident meeting a prepared mind. 
 
Albert Szent- Györgyi 
 
6.1. Introduction. 
 
Enzymatic biofuel cells rely on an efficient communication between 
bioelectrochemical processes occurring at the anode and the cathode. As the 
thermodynamic driving force for these enzyme-driven power sources is governed by the 
electron transfer mechanism, effective electrical connection between the catalyst redox 
centre and the electrode surface is an essential requirement. Low electron exchange rates, 
frequently encountered in electrocatalysis, are typically triggered by the three-dimensional 
structure of the biomolecule, where the active centre is recurrently embedded deeply in the 
protein shell.  In order to circumvent poor charge transfer, a number of solutions have 
been considered, predominantly the use of mediating molecules and redox polymers. 
Continuous efforts to achieve direct electrical contact between the active centres and the 
electrode surface have also been made, as some of the mediators can significantly decrease 
the operating potential of the cell and introduce certain toxicity. Since the majority of 
enzyme catalysts are not capable of the direct electron transfer, recent work has focused on 
the investigation of redox reactive polymers, as both enzyme encapsulation matrices and 
the facilitators of the electron driven processes. These materials can not only improve the 
charge transfer between the electrode and the catalyst’s active site but can also provide 
enhanced surface area of the electrode and increased enzyme loading, leading to improved 
performance of the cell. The reported enzyme stabilisation and retained biological activity 
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in redox films have been previously employed for enzymatic biofuel cells with extended 
lifetime and superior operability.  
 
6.1.1. Main objectives. 
 
In order to efficiently carry out bioelectrochemical reactions, a stable and 
compatible immobilization of enzyme species is required. 
In this chapter, the potential of the electrochemically assisted encapsulation of 
catalysts, providing promising insight into the development of enzymatic biofuel cells, is 
investigated. This work reviews the state – of – the – art biomolecule immobilization 
strategies and provides a comprehensive discussion on the selected encapsulation methods, 
supported by a detailed description of the system components. The immobilization and 
successful regeneration of cofactor and mediator molecules is also demonstrated and their 
role in the catalytic performance of modified electrodes validated. Two approaches have 
been considered as prospective host matrices for various biological catalysts, sol-gel and 
o-phenylenediamine. Electrodeposition of both materials under potential and time 
controlled conditions, resulted in a subsequent entrapment of the biomolecules suspended 
in the deposition bath.  
Benefits and general conclusions on the performance of the employed 
encapsulation approaches are presented at the end of the chapter.  
 
6.2. Review of key biomolecule immobilization strategies. 
 
Effective and reproducible immobilization of catalysts onto or in a close proximity 
of the electrode surface is a vital requisite and one of the key challenges in the 
development of enzymatic biofuel cells and electrochemical biosensors, in general. In 
principle, the attachment should provide a reversible but stable incorporation of the 
species with an overall preservation of its natural biological functions, while ensuring 
excellent accessibility to the redox centre and defined conformational flexibility of 
incorporated molecules. 
Conventional immobilization protocols are defined based on the degree of 
interaction with the biomolecule [1] and can be categorized into three main groups: 
physical adsorption [2, 3], entrapment in a matrix [4, 5] and grafting [5, 6]. 
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Physical adsorption of species to a support 
 
Adsorption of species on the electrode is a physical immobilization method, where 
by immersing in or casting the solution containing the active component, a reversible 
assembly is being formed on the surface. Generated films exhibit rather low mechanical 
strengths and are prone to desorption, a phenomenon frequently occurring upon slight 
changes in experimental conditions (e.g. pH, ionic strength). 
 
Encapsulation of catalysts in polymer coatings 
 
Entrapment of catalysts in a host matrix (e.g. a polymer) is a method, which gained 
rapid attention in the area of electrocatalysis in the past few decades. The encapsulation 
approach was of particular interest in this Ph.D. work, due to the possibility of a precise 
control of the enzyme layer parameters (e.g. location, thickness), and hence is discussed in 
detail. 
 In the early days, catalyst entrapment was carried out by simply mixing the species 
with a number of components and depositing the suspension on a surface of an appropriate 
support (e.g. electrode). Currently, in order to accurately control the thickness of the 
produced films, the encapsulation is typically obtained via electrodeposition under the 
conditions of a constant potential or current. Due to a large diversity of natural and 
synthetic organic polymers and inorganic substrates, as well as the simplicity of the 
preparation step, the method became one of the most extensive routes to enzyme 
immobilization used at present.  
A number of redox, conducting or insulating polymer substrates has been used for 
immobilization procedures on electrode surfaces. Particular properties of the employed 
matrices and the specification of coating technique vary depending on the particular 
application. Electrochemically assisted deposition of polymer materials [7] from the 
supporting buffer solutions is frequently employed, when a precise control over the film 
parameters is required. Thickness of the electrogenerated polymer layer is governed by the 
deposition time and the magnitude of the applied potential. This is of particular 
consideration in the area of biosensing and power sources, where the diffusion of species 
across the polymer membrane is a key factor determining the success of the assay. 
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 Unlike, self-assembled monolayers, which are typically formed on gold surfaces, 
electrogenerated polymer coatings can be obtained on a variety of electrode materials 
commonly used in electroanalytical chemistry (e.g. glassy carbon, platinum or ITO). Due 
to the abundance of a wide range of monomer substrates, low cost and simple preparation 
protocols, polymer electrodeposition has emerged as one of the most efficient and 
practical modification methods for biosensor and lab-on-chip applications. 
Polymer materials can be defined based on their ability to conduct electrical charge 
and, as such, can be classified as either intrinsically conducting or insulating. Both are 
organic materials that can be electrodeposited on solid surfaces, once a relevant potential 
is applied. Conducting polymers, unlike their insulating counterparts, display high 
electrical conductivity but their mechanical properties differ from the ones offered by 
other commercial materials. Electrical properties of intrinsically conducting polymers can 
be fine-tuned through methods developed for organic synthesis. The majority of 
conducting polymers used up-to-date (polypyrrole, polyaniline etc.) can be generated from 
aqueous solutions upon mild oxidative conditions, a number of substrates requiring higher 
potential values (e.g. polythiophenes) or the presence of an acid (e.g. polyanilines).  
The ability of polymers to form stable electrode coatings under moderate treatment 
has been widely reported for the immobilization of biological species [8], such as enzymes 
[9], antibodies [10] and whole cells [11, 12].  Biofunctionalization of the conductive 
polymer films can be performed by either entrapment of the species of interest or their 
attachment to electrochemically generated surfaces [13]. Potential dependent electrolysis 
of the monomer suspension triggers polymerization of the substrate and subsequent 
entrapment of the biomolecules in the growing chain of the polymer matrix. 
Most organic polymers have highly hydrophobic character and could not be 
naturally employed for the immobilization of hydrophilic molecules. Modification of the 
polymer properties with polar functional groups or by simple addition of hydrophilic 
agents can significantly improve biocompatibility of the matrix and by accommodating the 
hydration layer retain the biological activity of the incorporated species. Fig. 6.1 illustrates 
selected applications of biomolecule immobilization in polymer functionalized films. 
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Fig. 6.1. Sample polymer films functionalized with reactive functional groups for covalent 
attachment of biomolecules A) amines (polyamines); (B) carboxyls (polythiophenes); (C) N-
hydroxysuccinimide esters (polypyrroles); (D) pentafluorophenyl esters (polypyrroles); (E) 
N-hydroxyphthalimide esters (polypyrroles); (F) aldehydes (polythiophenes) [14]. 
 
In spite of their diverse advantages, the use of conductive polymers in large-scale 
applications has a number of limitations, mostly due to relatively high fabrication costs, 
low exchange rates and non-selective nature. In this light, non-conductive, highly resistant 
polymers (e.g. polyphenol, poly (o-phenylenediamine)) have become emerging matrices 
for biomolecule immobilization. Insulating films grown by electropolymerization of the 
monomer suspension are self-limiting and, as such, their thickness is much smaller than 
what is typically expected for conducting polymers. Thin polymer layers facilitate highly 
efficient diffusion of analytes across the membrane and provide fast response to molecules 
of interest which is of a particular consideration in catalytic studies (e.g. enzymatic biofuel 
cells). Although the substrates and products can rapidly diffuse through the 
polymer/solution barrier, non-conducting polymers are selectively non-permeable to 
electroactive species preventing their interfering effect on the sample measurement [15]. 
Despite numerous advantages, certain polymer materials can potentially introduce 
undesirable interactions with the matrix and steric strains, resulting in the species 
deactivation. Development of more potent protocols and highly biocompatible materials is 
therefore under continuous investigation. 
 
Many contemporary immobilization strategies employ highly conductive carbon 
nano-materials, in order to increase the active surface area of the electrode and to promote 
the catalyst attachment. In this method, the confinement of species is achieved by coating 
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the surface with a CNT suspension, followed by an electropolymerization step, during 
which the molecules become entrapped in the growing chain of the polymer. 
Alternatively, the immobilization can be carried out via electrostatic adsorption onto the 
polymer surface; a covalent binding to the polymer reactive groups or by chemical cross-
linking. Fig. 6.2 represents the electrochemical approach to SWCNTs functionalized with 
β-cyclodextrin-tagged GOX attached to electrogenerated adamantane-pyrrolederivatives 
[14]. 
 
 
Fig. 6.2. Functionalization of single-walled carbon nanotubes with β-cyclodextrin tagged 
biomolecules immobilized in electrogenerated adamantane-pyrrole derivatives [14]. 
 
 
Typical methods of biomolecule immobilization are not generic and, in principle, 
can be employed only for a limited range of biological species and certain research 
applications. Methods such as non-covalent adsorption or microencapsulation into 
polymer microspheres and hydrogels pose risks of leaching, enzyme denaturation and do 
not guarantee the desired spatial orientation of the catalyst [16, 17]. With a significant 
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diversity and dissimilar nature of existing biomolecules the catalytic systems need to be 
re-optimized and their components re-adjusted according to the individual requirements of 
the species incorporated, instigating time consuming and labour intensive protocols. 
Consequently, a universal immobilization procedure incorporating advanced 
biocompatible materials, which could successfully accommodate a larger number of 
catalysts without the necessity for lengthy amendments, is highly desired. In this light, the 
sol-gel and o-phenylenediamine encapsulation strategies were of particular importance for 
this Ph.D. work, due to their stabilizing effects on various enzymes and the ability to 
become selectively electrodeposited at the electrode surfaces. 
 
6.3. Selected methods of enzyme immobilization. 
 
The following section discusses the principles and the advantages of two enzyme 
immobilization matrices, employed in due course of this Ph.D. work: sol-gel and poly-o-
phenylenediamine. The benefits of the selected encapsulation strategies in the view of the 
envisioned biofuel cell concept, supported by the comparison of the polymer materials, are 
also highlighted.  
 
6.3.1. Sol-gel encapsulation of enzyme catalysts. 
 
The first metal alkoxide was prepared by Ebelman [18] from SiCl4 and alcohol, 
which upon mixing and exposure to air, condensed into a semi-solid material. Since then, 
sol-gels have been known as inorganic glasses for over a century [18] but it hasn’t been 
until mid-1950s, when the first encapsulation of biological entities has been initially 
reported [19]. Following the initial successful entrapment of an enzyme, alkaline 
phosphatase, reported by Braun and co-workers [20], sol-gel encapsulation became one of 
the more frequently employed methods for catalyst immobilization [21, 22] in biofuel cells 
and biosensor devices. Nowadays, the wide range of incorporated species includes 
proteins, nucleic acids and whole cells, enabling variety of different applications [8, 23]. 
Application of silicate derived materials as matrices for the encapsulation of biological 
species expanded the approach to biochemically modified electrodes employed in 
biosensing and power sources.  
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Sol-gels offer attractive advantages over other immobilization techniques. They do 
not swell in aqueous solutions and organic solvents and as such retain the incorporated 
biomolecules without any risks of leaching and inevitable loss of the active component 
[24, 25]. Furthermore, as compared to a number of existing immobilization matrices, silica 
materials display improved mechanical strength and chemical stability and have been 
largely exploited in the development of robust electrochemical based devices [26, 27].  
Electrochemically promoted formation of sol-gel films from sol suspensions of 
biomolecules leads to a simultaneous encapsulation of biological species in the growing 
polymer chain on the polycondensation step. Resulting silica coatings are doped with 
protein molecules, which due to the biocompatible nature of the matrix can successfully 
sustain their natural catalytic functions. Immobilization of catalysts in the sol-gel has been 
demonstrated by a number of research groups with a view to various applications [28-30]. 
In 2007 Nadzhafova and co-workers  [28] reported simultaneous encapsulation of 
haemoglobin and glucose oxidase in silica films electrogenerated on glassy carbon 
surfaces. Both entrapped enzymes retained their biological properties and were able to 
carry out direct electron transfer catalysis due to their close proximity with the electrode 
surface. One-step protocol for the immobilization of GOX in a three dimensional porous 
silica network has been proposed by Xia et al. [29]. The authors reported the use of a 
bubble template for electrochemically promoted generation of a 3D sol-gel matrix on Pt 
electrode.   
Mentioned properties of the sol-gel matrix overcome the flaws of the existing 
microencapsulation approach, thus this method has been selected as one of the two 
techniques considered for the enzyme immobilization with the scope of biofuel cell 
applications. 
 
A) Biocompatible silane precursors. 
 
While suitable for encapsulation of biomolecules in principle, sol-gel films are not 
relevant for certain biological applications. Significant efforts have been made towards the 
optimization of silica derived matrices through a precise control of the gel porosity, 
adjustment of the chemical surroundings of the encapsulated molecules [24] and 
incorporation of biocompatible functionalities, such as amino acids and carbohydrates. 
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Since the alcohol released upon the hydrolysis of silicon alkoxides is a potential 
denaturing agent, novel biocompatible silane precursors are under continuous 
investigation. Currently, research has been focused on the replacement of the commonly 
used tetraethoxysilane, Si(OC2H5)4, with a less harmful tetramethoxysilane, Si(OCH3)4, as 
methanol has been found less detrimental to the majority of encapsulated biomolecules. 
Nevertheless, some enzyme catalysts are still prone to deactivation even in the presence of 
traces of alcohol, hence the conventional two-step alkoxide reaction scheme is not 
applicable and major adjustments are required. Removal of the denaturant via evaporation 
under vacuum can overcome this issue by resulting in an alcohol-free hydrolysed solution. 
Nevertheless, this approach adds an additional step in the sol-gel preparation  [31]. 
Additionally, while the silica framework is gradually formed around the entrapped 
molecule maintaining its natural biological activity, a certain degree of shrinkage during 
condensation and drying is inevitable. Since the inflicted stresses can lead to a residual 
denaturation of the enzymes, a number of polymer additives has been frequently 
employed, forming a mixture of organic and inorganic gels and acting as ‘pore filling’ 
agents. Various supporting materials, such as polyethylene glycol (PEG) or polyvinyl 
alcohol (PVA), have demonstrated a positive effect on the catalytic properties of the 
incorporated biotic species [32, 33]. In order to reduce potential unfavourable electrostatic 
interactions between the silica pores and specific functional groups on the protein surface, 
enzyme suspensions have been often supplemented with cationic polyelectrolytes. These 
positively charged macromolecules armour the anionic active sites of enzymes and protect 
them from silicate sites [34, 35]. Application of biocompatible reagents e.g. polyol-silanes, 
hydrolysable under mild pH conditions [8] and the use of aqueous silica precursors, such 
as pure sodium silicate [36] or its suspensions in Ludox [37], greatly improve the catalytic 
activity and long-term stability of entrapped enzymes. Supplementation with 
biocompatible glycerol further increases the overall functions of the biomolecules [38]. 
The implementation of carbohydrates and amino acids to improve the proteins’ hydration 
shell and expand the pores size of the silica support, introducing a favourable chemical 
environment for incorporated species, has also been reported [39].  
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B) Principles of the sol-gel process. 
 
A sol is a suspension of solid particles in a liquid phase, where due to very small 
size (1-100 nm) of the dispersed elements, gravitational forces can be neglected and the 
predominant interactions between the molecules are weak Van der Waals and electrostatic 
attractions. Upon hydrolysis and condensation, the sol becomes a colloidal substance 
composed of a continuous solid backbone encompassing a fluid phase commonly known 
as gel [40]. The biological entities suspended in the initial silica solution are incorporated 
into a growing polymer network and become part of the interconnected mesoporous 
structure. Catalytic activity of embedded molecules is not only retained but in some 
instances significantly improved, due to a stabilizing effect of the silica against potentially 
hostile chemical and thermal conditions [41, 42]. During the encapsulation, the sensitive 
element is gradually captured in a silica cage, individually tailored to its dimensions, 
providing a chemical environment that favours its biological activity. Subsequent 
incorporation of the proteins’ natural hydration shell preserves their properties and leads to 
an extended life-span, as compared to soluble enzymes. The highly porous nature of sol-
gel films provides a stable medium for large biomolecules with a good permeability to 
ions and smaller substrates, enabling efficient transport of species to the interior of the 
matrix [43-45]. 
Additionally, as silica sol-gels are prepared from mild and non-toxic reagents, under 
ambient conditions, they provide a physical entrapment without a chemical modification 
of the incorporated molecules.  
Silica films can be synthesised from a variety of hydrophobic and polar entities 
[42, 46, 47] in the presence of non-protein cofactors and mediators, which are of particular 
importance for enzyme chemistry. These can be readily incorporated in the silica films by 
chemical grafting or stabilized by electrostatic interactions and weak physical bonds [46]. 
Due to the non-conductive nature of sol-gel materials, modification of electrodes with 
silane derived films is primarily restricted to the applications involving confinement of 
biological species in compatible materials. The main preparation routes involve either 
direct deposition of sol-gel films on solid electrodes, using electropolymerization or drop-
coating approach, or by dispersion of powdered silane substrates in composite carbon 
electrodes. 
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Sol-gels are generated by a complete or partial hydrolysis of an appropriate silane 
precursor, resulting in a polymerization of the monomer suspension and simultaneous 
incorporation of the surrounding biomolecules. Preparation of sol-gel films is a multi-step 
process triggered by hydrolysis of the alkoxysilane solution, followed by the pH 
dependent condensation of resulting monomer and a gradual growth of the polymer chain. 
 
1. Hydrolysis 
 
The initial step in the preparation of silica derived films involves complete or 
partial hydrolysis of an appropriate alkoxide monomer (e.g. Si(OCH3)4; Si(OC2H5)4). The 
process is carried out from an aqueous solution in a mutual solvent and leads to the 
formation of silanol groups (SiOH), as shown in Fig. 6.3. The presence of H3O
+
 in a form 
of an inorganic acid has been demonstrated to have a positive effect on the rate of the 
hydrolysis.  
 
Fig. 6.3. Formation of silanol functions by hydrolysis of an alkoxysilane in acidic medium. 
 
2. Condensation 
 
During the condensation, partially hydrolysed silane molecules join together 
forming siloxane bonds (Si-O-Si) and generating extended polymer networks (Fig. 6.4). If 
sufficient time is allowed, the process leads eventually to a pure SiO2 chain. Water 
generated as a result of the reaction is captured in the pores of the polymer and can further 
provide a neutral environment, facilitating the biological activity of incorporated 
molecules. Gel formation is typically carried out in an electrochemically assisted pH 
dependent polycondensation of silica precursors at the electrode / solution interface. 
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Fig. 6.4. Formation of siloxanes via condensation of silanol bonds in silane molecules. 
 
The morphology of the resulting gels is affected by a number of experimental 
factors, including the temperature and pH of the silane solution and the concentration of 
the species, with a particular consideration of the 
[   ]
[       ]
 ratio. Acid catalysed 
polymerization yields weakly cross-linked silicon polymers, which upon drying generate 
microporous xerogel structures of a pore diameter smaller than 2 nm. Neutral and basic pH 
conditions favour formation of mesoporous xerogels. A complex hierarchical structure of 
the gels is obtained via acid-base catalysis [40, 48]. 
 
3. Aging 
 
Aging is a natural continuation of gelation and leads to an enhanced thickness and 
decreased porosity of generated silicon based deposits. During aging, the gels undergo 
additional polycondensation and structural rearrangements, producing strong films 
resilient to cracking of the subsequent drying.  
 
4. Drying 
 
At the drying stage, water present in the interconnected pores of the silica network 
is removed under conditions of constant temperature and pressure, causing the gel 
framework to collapse and re-conform. High density microporous (less than 2 nm) gels 
develop large capillary stresses, which if not controlled, will ultimately result in the 
formation of cracks. This phenomenon can be effectively prevented by lowering the 
surface energy of the remaining liquid through addition of surfactants or via hypercritical 
evaporation of very small pores. Alternatively, monodisperse pore sizes can be achieved 
by adjusting the rate of hydrolysis and condensation processes. Depending on the drying 
conditions, a number of ultimate structures can be obtained. Evaporation of the solvent 
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under ambient temperature and pressure results in the formation of xerogels (‘xero’ means 
dry), where the volume of the polymer is reduced by a factor of up to 10, as compared to 
the original wet gel  [40]. Drying in an autoclave, under supercritical conditions, where 
relatively little shrinkage and no capillary pressure apply, generates aerogels with a 
volume fraction of solid as low as 1%. 
C) Electrochemically assisted deposition of silica films. 
 
Modification of electrodes with insulating sol-gel materials has been initially 
restricted to either composite electrode formation (powdered silica materials suspended in 
carbon paste or in ceramic-carbon) or a direct deposition of thin films onto solid surfaces 
via spin- or dip-coating. The latter, produced films of controllable thickness (100 nm to 
few µm), however resulted in a non-selective deposition of silica and could be only 
applied to flat planes, rather than porous substrates [49]. In principle, diluted 
concentrations of silica precursors generate highly porous matrices suitable for both 
enzyme encapsulation and efficient diffusion of reagents (substrates and mediators) to the 
active component. High concentrations of the starting sol, on the other hand, induce the 
formation of rather dense membranes, which are not applicable to solutions requiring fast 
diffusion of species to the electrode.  
 In the late 90’s Schacham and co-workers [50] introduced an innovative method 
of silica film generation by applying the principles of electrochemistry to a sol-gel 
process. The protocol employed by the group, relied on a pH dependent electrochemically 
controlled deposition of silica precursors onto an active surface (Fig. 6.5) and has been 
used in the formation of silica coatings ever since. In the method established by 
Schacham, the reduction of protons and water molecules, triggered by the reductive 
potential applied to the electrode, as illustrated in Fig. 6.5 a), caused a local increase in the 
OH
-
 concentration. Alteration of the pH at the electrode/solution interface induced 
polycondensation of the underlying silica precursors, shown in Fig. 6.5 b), and subsequent 
deposition of the sol-gel films on the active material independent of its topology [49]. 
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Fig. 6.5. Silica film generation proposed by Schacham [50] involving the: a) hydrolysis of 
the silane precursor and b) condensation of the generated silanol groups. 
 
The electrodeposition of sol-gel on electrodes offers a number of advantages over 
traditional methods of surface alteration. By applying a constant potential over a certain 
time, the thickness and porosity of fabricated films can be precisely controlled and 
adjusted to the individual applications, while eliminating any issues with overpotential 
[51]. 
Electrochemically assisted generation of silica coatings have been originally 
exploited in the formation of porous deposits and anti-corrosive varnishes [52]. With time, 
the process gained increased attention in the area of electrochemical sensing [53], in 
particular in the production of molecularly imprinted films [53] and functionalized silica 
layers [54]. A recent application of electrogenerated highly ordered silica thin films, as 
vertically aligned mesochannels, have been reported by Walcarius and co-workers [55] as 
a tool for mass transport analysis. 
 
 
 
265 
 
6.3.2. Electrodeposition of species in o-phenylenediamine. 
 
For many years the use of o-phenylenediamine has been primarily devoted to the 
development of enzyme based glucose, glutamate and  lactate biosensors, with an ultimate 
goal to transpose the sensing elements from  the laboratory in vitro systems into devices 
implantable in a human body [56-58]. Currently, due to the variety of macromolecular 
structures and multifunctionality, the use of o-PD and related amino derivatives is 
extensively investigated in biomolecule encapsulation, with the application in biofuel cells 
and biosensors [13, 59]. Since the majority of electrochemical devices employed for 
power sources and analyte detection, use metal electrodes as their active components, 
precise confinement of the polymer films within the electrode surface and accurate control 
of the layer thickness are essential determinants of successful operation 
Polymerized o-phenylenediamine (PoPD) offers great advantages over other 
immobilization matrices, as the films can be electrochemically synthesised in a 
reproducible manner, in the presence of various catalysts, resulting in stable thin 
monolayers of the enzyme-doped polymer. PoPD exhibits good conducting properties at 
its partial reduction state, while acting as an insulator at its high oxidation state. At the 
electrically inactive region [60], the PoPD  film is semi permeable to a certain number of 
neutral small molecules and anions, such as H2O2,  at the same time preventing the effect 
of interferences and electrode fouling [61]. Whereas numerous immobilization matrices 
are prone to catalyst leaching and are susceptible to endogenous electroactive species, o-
PD polymers block the access of small organic molecules maintaining high sensitivity to 
reaction substrates and products of their conversion (e.g. H2O2).  
Stable entrapment of biological catalysts within the polymer network, prevents a 
physical loss of the active component, while providing selective transport of species at the 
membrane/solution interface. Furthermore, the ability to generate PoPD films via a single-
step electro-assisted polymerization on a variety of electrode substrates enables precise 
control of the deposition area. The produced films are strongly adherent and highly 
reproducible and, as such, meet the general requirements for robust and reliable 
electrochemical devices. Unlike the majority of immobilization methods, the protocol for 
the PoPD matrix can be readily applied without further adjustments to successfully 
encapsulate a wide number of catalysts [62]. This is feasible due to the ability of o-PD to 
form polymeric films upon oxidative electrodeposition from phosphate buffers at a wide 
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range of pH values and on variety of electrode materials [63]. In particular, the extensive 
use of electrogenerated poly(o-phenylenediamine) thin films has been reported widely for 
confinement of oxidoreductase enzymes such as glucose oxidase [64, 65],  glutamate 
oxidase [62, 66],  lactate oxidase [67, 68], and laccase [69]. Anytime the procedure is not 
suitable to the individual properties of incorporated biomolecules (e.g. loss of activity of 
nitrilase reported by 1995 Liu and co-workers [70]), a two-phase immobilization protocol 
employing the electropolymerization, followed by cross-linking with glutaraldehyde can 
successfully overcome any stability issues. Furthermore, as the technique is applicable for 
a wide number of enzyme catalysts and more complex geometry of the electrode surface, a 
universal immobilization protocol can be established and employed for biofuel cells of 
different designs and composition. 
 
Encapsulation of glucose oxidase in PoPD 
 
The feasibility to immobilize GOX in “in situ” electrogenerated PoPD polymer has 
been demonstrated for the first time on platinum macroelectrode in the early 90s, by 
Palmisano and Zambonin [64, 71]. The obtained monolayer of GOX/PoPD (10 nm thick) 
exhibited the fastest ever observed response to glucose (less than 1 s), while radically 
repelling ascorbate. Excellent stability and recognition properties of the generated film 
have rapidly attracted the attention for enzyme-modified electrodes, instantly becoming a 
promising candidate for species encapsulation in biosensors and microfluidic biofuel cells. 
When Dumont and Fortier compared the behaviour of glucose oxidase in a number of 
electropolymerization matrices (PoPD, PAN, PPY and PpPD cross-linked with PPY) [72], 
they discovered that the GOX/PoPD system exhibited the best signal to noise ratio in a 7-
10 mM range of glucose. The performance of GOX in numerous polymeric films (e.g. 
PPY, PAN) has been also investigated by Trojanowicz et al.[73], who found that GOX / 
PoPD on Pt and Au electrodes, display the highest sensitivity to glucose and the best 
durability of all investigated polymer based membranes. An innovative application of 
PoPD membrane has been proposed by Bartlett and co-workers [74]. The authors reported 
the fabrication of a microelectrochemical enzyme transistor composed of two carbon band 
electrodes with anodically grown GOX/PoPD/PAN bilayer. The change in the 
conductivity of polyaniline has been determined by reductive properties of the oxidase in 
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the presence of glucose, switching the PAN between its electrically active and insulating 
modes. 
In 1997, Myler et al. used gold coated porous polycarbonate membrane 
functionalized with GOX and bovine serum albumin in PoPD, in order to determine the 
levels of glucose in the blood. Negatively polarized oxidase provided intrinsic charge 
repulsion of the anionic interferents, such as ascorbate and urate, facilitating direct 
measurements of glucose present in physiological fluids. The following year, Ju and co-
workers [75], reported successful modification of a nanometer-size (88 nm) microband Au 
electrode with GOX/PoPD coating. The system demonstrated a linear response to a range 
of glucose concentrations and rejected the interference of numerous aminoacids. An 
interesting solution to carbohydrate sensing was proposed by Malitesta et al. who used 
poly- (o-phenylenediamine) molecularly imprinted by glucose in biomimetic sensors [76]. 
Wang end co-workers, went a step further in the amperometric detection of glucose in 
blood, and as the first authors, reported co-encapsulation of heparin to prevent coagulation 
events and to provide increased biocompatibility of PoPD modified electrodes [77]. 
Simultaneous entrapment of GOX and heparin greatly simplified the preparation process 
and introduced an attractive route to miniaturized, implantable glucose needle-like 
sensors.  
At the time, several research groups investigated the effect of a multilayer structure 
on the behaviour of GOX/PoPD films. Malinauskas and Garjonyte [78] suggested the best 
response to glucose by a single coated Pt electrode, with a gradual decline in the 
enzymatic activity upon the introduction of successive PoPD layers. Simultaneously, 
Yasuzawa et al. [79] recommended that the cooperative use of PoPD and Nafion results in 
a better prevention against the amino acid and acetaminophen interferences and provides 
enhanced performance, thus supporting the findings previously described by Moussy [80]. 
Recently, Luo and co-workers [81] reported a fabrication of a novel glucose biosensor 
composed of a palygorskite (Pal)/PoPD matrix as a platform for the immobilization of 
GOX. 
 
Laccase functionalized PoPD films 
 
A number of studies has been carried out on laccase modified electrodes, with 
potential application in the oxygen sensing [82] and as cathodic systems for biofuel cells 
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[83]. Although direct electron transfer (DET) has been suggested by several authors [84-
87], the majority of work on laccase has been based on mediated electrocatalysis (MET) in 
the presence of redox reactive species co-encapsulated with the enzyme or soluble in the 
solution. Unlike the DET systems which primarily rely on the species attached to the 
electrode by weak physical adsorption or dissolved in the solution [88, 89], The MET 
approach explores the use of electrochemical techniques to obtain robust and reliable 
solutions.  
Most frequently incorporated laccase mediators include osmium (Os) complexes 
attached to redox polymers or hydrogel matrix [90-92]. Implementation of Os polymers 
“wiring” the enzyme to the electrode surface has been found particularly applicable in 
biofuel cell cathodes, due to the very positive potential values at which the reduction of 
oxygen occurs.  The apparent disadvantage of this approach is however increased toxicity 
and the relatively high cost of osmium polymers.  
It has been reported, that certain conducting polymers, such as, polypyrrole and its 
certain derivatives, are capable of direct electron exchange with various enzyme catalysts 
(e.g. glucose oxidase and hydrogen peroxidase) [89, 93]. The exact explanation to why not 
all non-insulating organic polymers are able to directly catalyse the reduction of O2 has 
not yet been elucidated, however the affinity of the monomer unit to the enzyme has been 
predicted as one of the decisive factors [13]. As the molecular structure of o-
phenylenediamine resembles some of the natural mediators for laccase,  Palys et al. 
suggested that PoPD matrix could possibly directly interact with the enzyme and catalyse 
the 4 e
-
 reduction of molecular oxygen, without the need for additional mediators [69]. 
Additionally, it has been showed that the increased catalytic activity of laccase enzymes 
observed in slightly acidic media corresponds with the pH region of the highest 
electroactivity of PoPD. 
The work on the immobilization of laccase in poly (o-phenylenediamine), 
presented as part of this chapter, has greatly benefited from the comprehensive discussion 
offered by Rogalski and Palys [69]. The authors investigated the potential role of the 
PoPD matrix as a mediator for the enzyme and studied the influence of the pH on both the 
electrodeposition and the catalytic activity of the laccase / PoPD layer. Additional 
implementation of quinone (Q) resulted in an observed enhancement in the 
electrochemical response in the presence of molecular oxygen. This has been attributed to 
the small size of Q, which enables efficient electron exchange between the enzyme and the 
electrode. Due to its high affinity in laccase catalysed reaction, quinone has been selected 
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as a mediator of choice in the experimental work enclosed as part of this dissertation. 
Entrapment of laccase in PoPD films preserved its biological activity and prominently 
reduced the overpotential of the reaction [69]. The recorded current density was found to 
be positively dependent on the increasing layer thickness only for very thin laccase / PoPD 
deposits, with a non-linear dependence for thicker films.  
According to numerous authors, depending on the pH of the deposition bath, the 
polymerization of o-PD yields two potential products: linear PoPD with free –NH2  
functional groups or a ladder structure composed of phenazine rings [94, 95]. Infrared 
reflectance spectra of the laccase/polymer films discussed by Palys et al. demonstrated 
that very acidic solutions  (pH  less than 2) favour the formation of the linear PoPD with 
prevalent phenazine structures at higher pH [69].   
 
Encapsulation of lactate oxidase in PoPD polymer 
 
Early approach to the immobilization of lactate oxidase (LOX) for catalytic and 
biosensing purposes, relied primarily on the entrapment of the enzyme behind a semi-
permeable membrane [96]. Despite the relative success of this strategy, the method posed 
a number of limitations, such as a rather low sensitivity and slow response time as well as 
significant interference issues when operating in physiological solutions.  
Numerous scientific reports suggest that electrochemically assisted entrapment of 
LOX enzymes within an o-PD matrix provides simple, highly sensitive and responsive 
enzymatic films, which can be effectively employed in biofuel cell studies for energy 
harvesting applications. 
Dempsey and Wang were one of the first [68] to demonstrate a one-step 
electrochemically promoted encapsulation of LOX in a PoPD matrix, by applying a 
constant potential to deaerated and unstirred buffer solutions containing the enzyme and 
monomer suspension. The authors suggested that thinner polymer films incorporate higher 
concentrations of the catalyst, resulting in much faster response to L-lactate. Conversely, a 
thick PoPD coating has been found to display slower catalysis and reduced sensitivity to 
the substrate, due to limited mass transport of species across the membrane. Restricted 
diffusion of the substrate results in the enzymatic reaction occurring primarily in the outer 
parts of the polymer layer, where the contact with the solution is not restricted by the 
membrane, as a consequence not utilizing the enzyme load to its full extent [68].  The 
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mechanism of PoPD synthesis proposed by Wang, relied on a two-step film formation 
incorporating initial conductive layer of organic polymer (polymerization of generated 
monocations), followed by an insulating coating generated through the condensation of 
potentially disproportioned dications. The ability to apply PoPD in flowing systems has 
been shown by Palmisano and co-workers in 1994 [67]. The in-situ electrosynthesised 
LOX/PoPD monolayer layer rejected the interfering agents however a loss of 75 % of its 
performance has been reported after a week of continuous operation. A layer of 
polypyrrole placed additionally between the electrode and the poly (o-phenylenediamine), 
improved the stability of the flow-injection system. In 1996, Trojanowicz et al. proposed a 
trilateral detection system composed of LOX/PoPD/PPY/polyphenol/Pt [97]. The 
modified electrode has been successfully used in a flow through determination of lactate in 
diluted and concentrated human blood serum samples.  
Oxidase enzymes, such as LOX, catalyse the oxidation of their respective 
substrates (e.g. lactate, glucose) subsequently reducing molecular O2 to H2O2 as shown in 
Eq. 6.1. 
 
                                                                        
 
The detection of the catalytic activity of LOX can be thus based in the 
quantification of the reaction side product, hydrogen peroxide. A typical electrochemical 
approach to peroxide determination relies on the anodic oxidation on platinum [98, 99] or 
carbon electrodes [100], however this strategy suffers from significant overpotentials and 
sensitivity to interfering agents.  A solution to overcome this issue is to use a catalytic 
redox mediator (e.g. Prussian Blue or cobalt hexacyanoferrate [101]). 
 As the catalytic activity of LOX has been mostly studied based on the 
amperometric detection of generated H2O2, a selective approach to peroxide reduction had 
to be established. An innovative method to a low-potential, selective detection of 
hydrogen peroxide has been suggested in 1994, by a group led by Karyakina [102]. The 
authors demonstrated, that Prussian Blue (PB) polycrystals, deposited in a controlled 
manner onto the electrode surface, can effectively carry out the electroreduction of H2O2 
[103]. Since the activity of PB resembles that of biological catalysts, the generated 
Prussian Blue layer soon became known as an “artificial peroxidase” [104]. A brief 
description of the PB deposition is enclosed in Chapter II of this thesis. 
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As oxidase enzymes produce H2O2 while decomposing their corresponding 
substrates, the method can be effectively applied for multiple enzymatic assays. 
Simultaneous electrochemical determination of a number of organic species (e.g. glucose, 
lactate, urate) in biological samples is also viable [105] and is an attractive alternative to 
less precise colorimetric studies (e.g. visual perception issues).  
 
A) Principles of poly (o-phenylenediamine) formation. 
 
The mechanism of the phenylenediamine condensation was first proposed in 1958 
by Elving and Krivis [106], who suggested the monomer structure and acidity of the 
deposition solution to be the essential factors determining the success of the 
electropolymerization process.  Although the exact nature of the polymeric film was long 
unknown [107], early experimental work on pyridine derivatives indicated a formation of 
a monovalent cation radical as the prime electrolysis product [108]. It was believed that 
the radical was further involved in a follow-up polymerization reaction with an ultimate 
generation of an amine-linked polymer. Despite the lack of conclusive evidence, the 
presence of certain amine linkages was also assumed in PoPD. Nowadays, due to 
advanced research technologies and significantly improved understanding of the 
underlying chemistry, the structure of the PoPD polymer coating can be effectively 
determined by FT-IR spectroscopy [109], NMR, XPS and UV-Vis techniques [63]. 
Spectroscopic analysis of the generated PoPD layer, carried out by Kang [110], revealed a 
head-to-tail (-N-Ph-N-Ph-) arrangements of adjacent o-PD units rather than a head-to-head 
sequence (-Ph-N=N-Ph-). While direct N=N interactions have been reported only under 
basic and neutral pH conditions, the oxidative product of phenylenediamine in acidic 
media seems to exhibit primarily the Ph-N arrangement. This phenomenon confirms the 
dependency of the PoPD architecture on the synthetic conditions  
In his extensive review [63], Li proposed three potential chemical structures of 
PoPD formed upon electropolymerization of o-PD, all presented in Fig. 6.6. 
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Fig. 6.6. Proposed structures of electropolymerized o-phenylenediamine. 
 
B) Electrochemically assisted deposition of o-PD. 
 
The most frequently employed method for the generation of poly-o-
phenylenediamine films is the electrochemically assisted polymerization. PoPD coatings 
with controllable thickness are generated by applying a suitable potential to the 
electrochemical bath containing the monomer and the supporting electrolyte, dissolved in 
a mutual solvent.  The electropolymerization of o-PD results in  higher eletroconductivity 
of the matrix than if the process was carried out in the presence of chemical oxidants [63]. 
This has been accredited to higher molecular weight of the produced polymer and greater 
doping characteristics. In general, the conducting properties of PoPD are highly dependent 
on the polymerization conditions, such as the configuration of the electrochemical set-up 
and the deposition technique itself [63]. Potentiogalvanostatic and potentiostatic 
conditions are typically employed in order to produce thin, low conducting 
phenylenediamine coatings [111], while galvanostatic methods give rise to rather thick 
polymer membranes with relatively high current density [63, 112]. The insulating 
properties of thin PoPD films self-limiting the deposition process, have been attributed to 
a lack of charge carriers, which can be due to e.g. protonation of amine sites. The 
conductivity of the electrogenerated  layer can be however significantly improved by 
functionalization with aniline [113] or an increase in the applied potential and temperature. 
The permselectivity of the membrane is a crucial parameter, where the exchange of 
species is required (e.g. catalytic studies) and it depends strongly on the thickness of the 
generated films and the pH of the deposition bath. It has been recently demonstrated that 
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this property is improved when the PoPD is obtained from slightly acidic media (e.g. pH 
5), a feature attributed to the hydrophobic interactions and effective hydrogen bonding 
[63].  
 
6.4. Materials and methods. 
 
The following section discusses the preparation methodology of the selected 
bioanodes and biocathodes and emphasises the importance of the individual redox 
components on the catalytic performance of the investigated half-cells. 
 
6.4.1. Enzymatic bioanodes. 
 
A) D-Sorbitol dehydrogenase sol-gel based bioanode. 
 
The first catalytic system on bioanode was composed of two enzyme catalysts: D-
Sorbitol dehydrogenase (DSDH) and Diaphorase (DI), encapsulated in an electrogenerated 
sol-gel matrix. DSDH, at a concentration of 10 mg mL
-1
 (100 units / mg), was kindly 
donated by prof. G.W. Kohring from the Department of Microbiology of the Saarland 
University, Germany. The enzyme was produced by overexpression in Escherichia coli 
BL21GOLD (DE3) cell culture and purified using a His trap column (GE Healthcare) 
functionalized with appropriate metal complexes. 
The DSDH functionalized bioanode catalysed the oxidative conversion of the 
substrate, D-Sorbitol, into fructose in the presence of a cofactor molecule, nicotinamide 
adenine dinucleotide, NAD
+
.  
Fig. 6.7 illustrates the electrochemically deposited sol-gel matrix employed for the 
DSDH catalysed oxidation of D-Sorbitol on the bioanode. The electrogenerated films 
contained both enzymes and the cofactor molecule, while the mediator and the substrate 
were supplied in the solution and were able to readily diffuse through the membrane/bulk 
interface. Immersion of the electrode in a D-Sorbitol solution triggered the DSDH 
catalysed oxidation to fructose, with a simultaneous reduction of NAD
+
 to NADH. 
Cofactor regeneration was carried out by diaphorase. Reduced DI subsequently shuttled 
the electrons to the mediator molecule, ferrocenedimethanol (FDM), which was in turn 
regenerated at the surface of the electrode, producing electrical current. The use of FDM 
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was essential as the direct transfer of charge by diaphorase occurs naturally at a very low 
rate. 
 
Fig. 6.7. Schematic of the catalytic system applied on bioanode. Sol-gel encapsulation of 
DSDH and NAD
+
-GPS cofactor in the presence of FDM mediator enabled successful 
oxidation of D-Sorbitol and efficient electron transport to the electrode surface. DI 
provided means of cofactor regeneration. 
The encapsulation of DSDH in a sol-gel matrix was carried out by 
electrochemically assisted deposition from a solution of 0.25 M hydrolysed Tetraethyl 
orthosilicate (TEOS), prepared fresh prior to surface alteration based on a modified 
protocol from [114], as described in Chapter II. A three-electrode system composed of a 
Au working disc electrode (Ø 4 mm), Pt counter and Ag/AgCl (3 M KCl internal 
electrolyte) reference has been employed for the electrodeposition of the considered sol-
gel films. Prior to the surface modification, the WE has been mechanically polished on 
wet emery paper (4000) using alumina powder size 0.05 µm and rinsed with copious 
amounts of deionized water. CE and RE have been washed with DI H2O and gently dried 
with tissue paper. Following cleaning, a mixture of 0.25 M TEOS, poly 
(diallyldimethylammonium chloride) (PDDA); D-Sorbitol Dehydrogenase (DSDH, 10 mg 
mL
-1
); diaphorase (DI, 5 mg mL
-1
); NAD
+
-GPS and polyethyleneimine (PEI, 10 % in DI 
water, pH 9.0) has been swiftly prepared in an Eppendorf tube, accordingly to the protocol 
enclosed in Chapter II, and 270 µL of the reacting solution has been immediately applied 
on the working electrode.  
The electrogeneration of silica sol-gel films doped with DSDH has been carried 
out for 60 s at constant potential of -1.2 V applied to the working electrode. The 
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functionalized electrode has been gently rinsed with deionized water and left at RT for 2 h 
for drying and aging.  
 
Importance of the cofactor stabilisation and regeneration 
 
Electron transfer properties of dehydrogenases rely strongly on free diffusing 
species enabling efficient transport of e
-
 between the enzyme active site and the electrode 
surface. In order to provide a reliable electrical connection, NAD
+
 has been used as a 
cofactor for DSDH and immobilized in-situ with a glycidoxypropyl trimethoxylsilane 
(GPS) precursor. GPS is a silane derivative bearing - OCH3 groups and, as such, can be 
incorporated into the growing framework of silica at the polycondensation step. It has 
been previously demonstrated by Liu and co-workers [115], that NAD
+
 covalently 
attached to silica particles can successfully co-operate with entrapped enzyme, enabling 
efficient electron shuttling and substrate conversion. The epoxy ring, present as part of the 
glycidoxy group, displays good chemical activity and can interact with NAD
+
 through the 
formation of a covalent bond. Covalent coupling to the cofactor offers enhanced stability 
of NAD
+
 over alternative co-immobilization and encapsulation procedures, however due 
to a rather elaborate modification process a potential decrease in cofactor’s efficiency may 
be encountered. Since the reaction of the epoxide group with adenine moieties is relatively 
simple and non-complex, retained redox activity of NAD
+
 can be expected. 
The electrochemistry of NAD(P)
+
/ NAD(P)H redox couples on bare electrode 
surfaces is known to be irreversible and cannot be performed at a potential 
thermodynamically determined from the half-cell reactions. In order to efficiently recycle 
enzyme cofactors, while minimizing any potential energetic losses, various organic 
molecules have been investigated as potential mediators for the electrochemical oxidation 
of the redox species, such as NADH. Ideal candidates need to undergo a two-electron 
transfer and need to be able to accept proton ions. In addition, they must be chemically 
stable, enzymatically active and cannot directly interact with the reaction substrate.  
Numerous approaches to cofactor regeneration have been proposed up to date including 
direct, indirect and enzyme-coupled electrochemical routes [116]. Since direct 
electrochemical detection of NADH on the electrode occurs at high overpotentials, 
inducing uncontrolled oxidation and rapid deactivation of molecules (e.g. formation of 
non-active dimers), DI has been employed to regenerate NAD
+
 and shuttle the electrons to 
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the anode. A combined mechanism of the mediated indirect and the enzymatic processes 
have been however previously investigated by a number of authors. In the sol-gel 
electrocatalytic oxidation of NADH, a joined application of diaphorase and ferrocene 
derivatives [117, 118] or osmium polymers [119, 120] has been frequently demonstrated. 
 
Influence of cationic polyelectrolytes 
 
The presence of polyelectrolytes, polydimethyldiallylamonium chloride (PDDA) 
and polyethyleneminine (PEI), not indicated in Fig.6.9, has been found to have a 
significant bearing on the biological activity of DSDH. Supplementation of the starting sol 
with cationic reagents stabilized the negatively charged dehydrogenase and provided an 
efficient operation of the enzyme.  
As has been previously reported by Wang [121], 1-7 % concentrations of PDDA 
(w/v) result in an improved electrochemical signal of DSDH, with the optimal efficiency 
observed at 5 % of the PDDA. Since PDDA acts as “macromolecular glue” [121], 
bringing the catalyst and silica surfaces together, too high or too low concentrations of the 
electrolyte can have undesirable destabilizing effects. Furthermore, high levels of PDDA 
(> 10 %) instigate almost immediate gelation of the starting sol and the enzyme 
suspension, regardless of the applied potential. Although the key role of PDDA is to 
provide favorable electrostatic interactions between the biomolecule and the matrix, a 
possible implication in the generation of enlarged silica pores and thus enhanced mass 
transport of reagents has also been proposed. 
The use of PEI in the encapsulation of dehydrogenases has been previously 
reported for a number of substrates, including glucose [122], D-lactate [123] and alcohol 
[124]. Similar to PDDA, the stabilizing effect of polyethyleneimine is attributed to the 
formation of neutral conjugates generated via electrostatic interactions between the 
cationic surface of the electrolyte and the negatively charged DSDH - NAD
+
 complexes. 
PEI assemblies retain the native conformation of the enzyme by protecting it from 
uncontrolled unfolding and could potentially enrich the cofactor species available in the 
active centre.  
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B) Glucose oxidase modified PoPD based bioanode.  
 
The catalytic system for mediated electrooxidation of glucose to gluconolactone 
was composed of GOX immobilized in electrogenerated poly (o-phenylenediamine) film, 
as illustrated in Fig. 6.8. The mediator, ferrocenecarboxylic acid (FCA), remained soluble 
in the phosphate buffer solution and facilitated the transfer of electrons generated in the 
active centre of GOX, as a result of glucose oxidation, to the electrode surface.  FCA 
reduced by the catalytic activity of the enzyme, was further regenerated at the electrode 
surface, producing electrical current. 
 
 
 
Fig. 6.8. Schematic of the GOX/PoPD bioanode. Mediated electrooxidation of glucose 
into gluconolactone was carried out in the presence of ferrocenecarboxylic acid (FCA), as 
the mediator of the electron transfer between GOX and the electrode. 
 
The encapsulation of GOX in o-PD matrix has been carried out from deaerated 
buffered solution of o-phenylenediamine, according to [62] and as described in detailed in 
Chapter II. Sodium sulphite has been further supplied to the deposition bath, in order to 
prevent the undesirable entrapment of molecular oxygen.  
Deposition of o-PD films on gold disc (Ø 2 mm) electrodes has been performed at 
RT in the presence of Pt coil auxiliary and Ag/AgCl reference immersed in 3 M KCl 
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internal electrolyte. Electrodeposition has been carried out from 10 mL of 0.1 M 
phosphate buffer, pH 7.4, containing 10 mM o-PD, 5 mM Na2SO3 and of GOX (10 mg 
mL
-1
). The solution was placed in the electrochemical cell and purged with nitrogen (20 
mins), in order to remove the oxygen and thereby prevent the consecutive entrapment of 
O2 in the matrix. Encapsulation of GOX within the polymer was triggered by applying a 
potential of 0.75 V for a period of 20 mins, as discussed in Chapter II. 
Electropolymerization of o-PD monomers initiated subsequent encapsulation of GOX and 
a gradual growth of the film.  
Prior to electrochemically promoted deposition of the GOX/PoPD composite, 
illustrated in Fig. 6.9 b), the gold electrode has been mechanically polished with alumina, 
exposed to O2 plasma and chemically cleaned in freshly prepared 1 M H2SO4 for 3 h, by 
cycling the electrode potential between 0.4 V and 1.5 V. Fig. 6.9 a) depicts the cyclic 
voltammetry response of Au disc electrode obtained upon repetitive sweeps in the acid. 
The CV represents a typical response of gold vs. Ag/AgCl reference, where the metal 
surface is oxidized at approximately 1.2 V, following which the gold oxide is reduced at 
around 0.95 V on the reverse potential scan. The electrode was cycled until a reproducible 
voltammogram has been obtained for the formation and reduction of the gold oxide and 
the final voltammogram has been presented in Fig. 6.9 a). The drop in the current recorded 
during the deposition of o-PD, indicates a self-limiting character of the process. The 
additional oxidation and reduction peaks observed at 1.05 V and 0.8 V are due to gold 
contamination with organic impurities. These are most likely the residues of the previously 
deposited poly o-PD or Prussian Blue, remained at the electrode surface despite the 
oxygen plasma and the chemical cleaning treatments. 
Following the deposition, the electrode was gently rinsed with 0.1 M phosphate 
buffer (pH 7.4) and the excess moisture was removed with a tissue paper. The catalytic 
activity of GOX towards mediated glucose oxidation has been monitored immediately 
after the deposition in substrate solutions of 0.1 M phosphate buffer, pH 7.4, in the 
presence of FCA. When not in use, GOX-modified electrodes were stored in the buffer 
(pH 7.4) at 4 ºC. 
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Fig. 6.9 a) Surface cleaning of Au disc electrode in 1 M H2SO4; scan rate of 100 mV s
-1
; b) 
Electrodeposition of 10 mg mL
-1
 GOX from 10 mM o-PD and 5 mM Na2SO3 in 0.1 M 
phosphate buffer pH 7.4 at 0.75 V for 20 min. Potential recorded vs. Ag/AgCl (3 M KCl). 
 
 
 
 
 
Fig. 6.10. Oxidation of L-lactate by LOX with a simultaneous formation of pyruvate and 
hydrogen peroxide. The catalytic reduction of peroxide at low potentials was facilitated by 
a layer of PB.  
 
 
 
a)                                                                              b) 
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A) Lactate oxidase functionalized o-PD bioanode. 
 
The composition and the operational principle of a lactate oxidase (LOX) based 
bioanode, constructed as part of this chapter, are illustrated in Fig. 6.10. LOX 
encapsulated within the PoPD polymer catalysed the two-electron oxidation of L-lactate to 
pyruvate and a subsequent generation of hydrogen peroxide. The catalytic reduction of 
H2O2 was promoted, due to an activate layer of PB pre-deposited onto the electrode 
surface prior to LOX/PoPD deposition, mediating the electron exchange with the 
electrode. 
 
Encapsulation of lactate oxidase in electrogenerated o-phenylenediamine films has 
been obtained, according to a protocol proposed by Wang [68], from a deaerated, unstirred 
solution of 5 mM o-PD in 0.05 M phosphate buffer, pH 7.4. A potential of 0.65 V has 
been applied to Au or Pt working electrodes for a period of 20 min in order to initiate the 
polymerization process.  
Prior to LOX encapsulation, illustrated in Fig. 6.11 d), and following the electrode 
cleaning in 1 M H2SO4, depicted in Fig. 6.11 a), a thin layer of Prussian Blue (PB) has 
been electrodeposited on the electrode [125], as shown in Fig. 6.11 b); electrochemically 
activated in a supporting electrolyte, accordingly to Fig. 6.11 c); rinsed with DI H2O and 
dried in the oven at 90 ºC for 1 h.  As previously, Pt coil and Ag/AgCl have been used as 
the counter and the reference electrodes respectively. Fig. 6.11 a) and Fig. 6.11 d) 
represent typical electrochemical responses of gold to a sulfuric acid clean and the 
deposition of the PoPD polymer, accordingly. The redox behavior of PB in 0.1 M KCl and 
HCl solution (reduction and oxidation peaks at ~0.13 V and 0.2 V, respectively) are 
illustrated in Fig. 6.11 c). The initial rapid increase in the current followed by a gradual 
plateau, recorded during the electrodeposition of PB layer as presented in Fig. 6.11 b), are 
indicative of the formation of the electrode coating. 
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Fig. 6.11 a) Surface cleaning of Au disc electrode in 1 M H2SO4; scan rate of 100 mV s
-1
; 
b) Electrodeposition of 4 mM PB from 0.1 M KCl and HCl solution at 0.4 V for 120
 
s; c) 
Activation of PB in 0.1 M KCl and HCl electrolyte; scan rate of 50 mV s
-1
; d) 
Electrodeposition of 0.005 mg mL
-1 
LOX from 5 mM o-PD and 5 mM Na2SO3 in 0.05 M 
phosphate buffer pH 7.4 at 0.65 V for 20 min. Potential recorded vs. Ag/AgCl (3 M KCl). 
 
As previously discussed, the additional oxidation (1.05 V) and reduction (0.8 V) 
peaks are due to gold contamination with organic impurities, most likely the poly o-PD or 
Prussian Blue residues, which remained at the electrode surface despite the multi-step 
cleaning procedure. 
Following the deposition, the enzyme modified electrode has been submerged in 
the 0.05 M phosphate buffer (pH 7.4) and stored at 4 ºC, when not in use.   
 
c)                                                                                    d) 
a)                                                                                    b) 
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6.4.2. Enzymatic biocathodes. 
 
A) Bilirubin oxidase sol-gel based biocathode. 
 
The enzymatic system of the sol-gel modified biocathode was composed of 
bilirubin oxidase (BOX), as the catalyst for the reduction of molecular oxygen. While 
direct electron transfer of BOX has also been investigated as part of this Ph.D. work, the 
majority of conducted experiments involved the use of osmium (Os) polymer, as the 
mediator species. Os has been synthesised and kindly donated by prof. Wolfgang 
Schumann (Bochum, Germany).  
Fig. 6.12 is a schematic diagram of the catalytic system employed on the sol-gel 
modified biocathode. Bilirubin oxidase encapsulated in the sol-gel matrix catalyzed the 
reduction of molecular oxygen to water. The electrons from the electrode were shuttled 
through the active redox center of the osmium polymer incorporated in the film at the 
drop-coating step to the enzyme. The oxygen required for the catalysis was provided by 
exposing the buffered solutions to air and allowing a passive diffusion of O2 through silica 
pores. Reduced Os species were ultimately regenerated at the electrode and the flow of 
produced electrons was recorded as current. 
 
Fig. 6.12. Schematic of the catalytic system selected for biocathode. Sol-gel encapsulation 
of BOX in the presence of Os polymer as the mediator enabled a successful reduction of 
molecular oxygen to water and efficient electron transport to the electrode surface.  
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Osmium complexes have been routinely employed as successful mediators for 
various oxidoreductase enzymes including glucose [126], lactate [127] and alcohol 
oxidase [128]. Due to efficient electron shuttling properties and the polymeric nature 
enabling easy adsorption and stable immobilization of enzyme catalysts [129, 130], the 
application of flexible osmium redox polymers has offered good prospects in the electrode 
modification technique and hence has been routinely employed by numerous authors. 
However due to a rather toxic nature, a number of experimental approaches to replace the 
osmium with highly conductive carbon nanostructures have been investigated as part of 
this research work and are discussed in the results section. The use of chitosan as a 
potential matrix for BOX encapsulation has also been considered. 
Encapsulation of BOX in the sol-gel has been carried out, as described in Chapter 
II, from a 0.25 M hydrolyzed solution of TEOS mixed with the protein suspension (10 mg 
mL
-1
) and Os polymer acting as the mediator. As previously described for DSDH 
bioanode, polyethyleneimine (PEI, 10 % in DI water, pH 9.0) has been added to the 
starting sol to provide a favorable electrostatic interaction between the cationic polymer 
and the negatively charged superficial groups on the catalyst. The reacting mixture 
consisted of 0.25 M TEOS, Os polymer, BOX (10 mg mL
-1
 in deionized H2O) and 
polyethyleneimine (PEI, 10 % in DI water, pH 9) rapidly mixed in an Eppendorf tube, as 
discussed in Chapter II. While DSDH has been encapsulated in the gel via 
electrochemically assisted deposition, the solution containing BOX has been drop-coated 
onto the electrode surface and left at RT for 2 h for condensation and aging.  
The electrode testing has been carried out using an Autolab PGSTAT-12 
potentiostat (Eco Chemie), controlled by the GPES (General Purpose Electrochemical 
System). A three-electrode cell including a Pt disc auxiliary, Ag/AgCl (3 M KCl internal 
electrolyte) reference and Pt (Ø 4 mm), Au (Ø 4 mm) or GCE (Ø 3 mm) disc working 
electrodes have been employed for the electrochemical testing. Prior to drop-coating, the 
WE has been mechanically polished on wet emery paper (4000) with alumina powder 
(0.05 µm particle size) and rinsed with deionized water to remove the alumina residues. 
Following the cleaning, a 5 µL aliquot of a discussed BOX mixture been has been 
carefully applied on the working electrode, making sure no air bubbles have been 
introduced in the suspension.  
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B) Laccase modified sol-gel biocathode. 
Laccase functionalized o-PD biocathode has been prepared according to [69], as 
described in Chapter II.  
A diagram of the catalytic layer and the reaction scheme for the reduction of 
molecular oxygen, employed as part of the work on laccase, is depicted in Fig. 6.13. The 
four electron reduction of molecular O2 follows from the electrochemical oxidation of the 
PoPD matrix and mediated electron transfer in the presence of quinone (Q), dissolved in 
the phosphate buffer. The reduced state of the polymer is regenerated by the Nernstian 
equilibrium [69] and measured as the flow of electrons through the electrode.  
 
 
Fig. 6.13. Schematic representation of the biocathode, with laccase entrapped in the 
PoPD film and catalysing the reduction of molecular oxygen to water in the presence of 
quinone (Q) dissolved in the buffer solution. The schematic of a 2 e
- 
redox reactions of HQ 
is included as an inset. 
 
Electrodeposition of the laccase doped polymer films has been carried out from 10 
mL solution of 5 mM o-PD and laccase (0.1 mg mL
-1
) in 0.1 M phosphate buffer, pH 6.0. 
The solution was placed in a three-electrode electrochemical cell and purged with nitrogen 
for 20 mins at room temperature.  Polymerization of o-PD and subsequent incorporation of 
laccase molecules has been achieved by sweeping the potential of the Pt working electrode 
(Ø 2 mm) between -0.5 V and 0.9 V for 10 consecutive cycles (20 sweeps), at a scan rate 
of 20 mV s
-1
. Pt coil and Ag/AgCl (3 M KCl internal electrolyte) have been used as the 
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counter and reference electrodes accordingly. The average density of laccase upon two 
electron oxidation of PoPD has been estimated to 12-20 µg per 1 mg of the polymer, as 
reported by Inzelt et al. [131]. 
Prior to the o-PD deposition, illustrated in Fig.6.14 b), the working disc electrode 
has been mechanically polished and chemically cleaned in 1 M H2SO4 for 3 h, by cycling 
the applied potential between -0.2 V and 1.4 V. Fig.6.14 a) shows a CV response of bare 
Pt recorded followed the repetitive potential scanning in sulphuric acid. The obtained 
voltammogram is representative of platinum and provides information on the position of 
the oxidation and reduction peaks (~ 0.8 V and ~ 0.5 V, respectively) of the metal oxide, 
as well as the potential range at which the desorption and adsorption of hydrogen occur (-
0.2 V – 0 V on both, forward and reverse scans). The CV signal of the Pt in the monomer 
solution revealed a diminishing oxidation peak of the o-PD, indicative of the successful 
formation of the polymer layer on the electrode surface, as seen in Fig. 6.14 b). 
Electrodeposited films have been carefully washed with the 0.1 M phosphate buffer pH 
6.0 and the excess moisture was adsorbed with a tissue paper.   
 
Fig. 6.14 a) Surface cleaning of Pt disc electrode in 1 M H2SO4; scan rate of 100 mV s
-1
; 
b) Electrodeposition of 0.1 mg mL-
1
 laccase from 5 mM o-PD 0.1 M phosphate buffer pH 
6.0 for 20 sweeps at 20 mV s
-1
 scan rate. Potential recorded vs. Ag/AgCl (3M KCl). 
 
Following the modification, the catalytic activity of laccase deposits has been 
studied in the oxygen deprived and O2 saturated 0.1 M phosphate buffer solutions, pH 6.0. 
When not in use, laccase biofunctionalized electrodes were stored in the buffer (pH 6.0) at 
4 ºC. 
a) b) 
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6.5. Results and discussion. 
 
The following section presents the results of the electrochemical characterization 
of the constructed bioanodes and biocathodes and discusses the performance of the 
investigated enzymatic half-cells in terms of their catalytic activity. 
 
6.5.1. Enzymatic bioanodes. 
 
A) D-Sorbitol dehydrogenase sol-gel based bioanode. 
 
Electrochemical studies of DSDH (10 mg mL
-1
) encapsulated in sol-gel films have 
been performed via cyclic voltammetry measurements in 0.1 M Tris-HCl buffer, pH 9.0 
containing 0.1 mM ferrocenedimethanol (FDM) and in the presence of increasing 
concentrations of the substrate, D-Sorbitol (2 mM - 8 mM). Although direct oxidation of 
the substrate has been recently reported for DSDH  [132], the use of FDM as the mediator 
has been shown to have a significant positive effect on the enzymatic activity [114], 
resulting in much greater current outputs.  In the light of these findings, only mediated 
electron transfer of DSDH has been considered as the scope of this Ph.D. chapter. 
Experimental conditions of the set-up were controlled by the Autolab PGSTAT-12 
potentiostat (Eco Chemie) and monitored by the GPES (General Purpose Electrochemical 
System). 
The catalytic activity of D-Sorbitol dehydrogenase has been initially studied using 
silica films containing a 1:1.5 (w/w) ratio of NAD
+
 and GPS precursor. Enzymatic 
oxidation of D-Sorbitol has been investigated on Au disc electrodes modified with DSDH 
sol-gel deposits and immersed in buffered solutions containing various amounts of the 
substrate (Fig. 6.15). Successful electrocatalysis would result in increased values of the 
maximum oxidation current with projected highest activity of the enzyme at a certain 
concentration of D-Sorbitol. Expected amplification of the oxidative behaviour should be 
followed by a gradual decline in the reductive current. 
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Fig. 6.15. Response of Au disc electrode with electrogenerated DSDH / NAD
+ 
- GPS / DI / 
TEOS film to increasing concentrations of substrate in 0.1 M Tris-HCl buffer, pH 9.0, 
containing 0.1 mM FDM: 0 mM D-Sorbitol (black line); 2 mM D-Sorbitol (red line);4 mM 
D-Sorbitol (blue line); 6 mM D-Sorbitol (magenta line); 8 mM D-Sorbitol (green line); 
Scan rate of 20 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
 
As can be seen from Fig. 6.15, cyclic voltammetry analysis of DSDH sol-gel films, 
obtained with the initial 1:1.5 (w/w) ratio of NAD
+ 
- GPS, and studied in the presence of 
increasing concentrations of D-Sorbitol, did not results in a measurable catalysis. This 
might be due to potential steric hinderance in the electrogenerated silica films preventing 
efficient electrical contact between the enzyme’s redox center and the cofactor. 
 Due to the absence of detectable enzymatic activity, the solution has been replaced 
with 5 mL of fresh Tris-HCl buffer supplemented with 1 mM NAD
+
, added directly to the 
medium. The electrode has been further retested in the presence of FDM and increasing 
concentrations of D-Sorbitol (Fig. 6.16). Increase in the oxidation current would indicate 
retained catalytic activity of DSDH and successful communication between the catalyst 
and the cofactor species.  
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Fig. 6.16. CV of Au disc electrode when 1 mM NAD
+
 has been additionally mixed with 0.1 
mM FDM, 0.1M Tris-HCl buffer pH 9.0. Response of DSDH to increasing concentrations 
of D-Sorbitol: 0 mM D-Sorbitol (black line); 2 mM D-Sorbitol (red line);4 mM D-Sorbitol 
(blue line); 6 mM D-Sorbitol (magenta line); 8 mM D-Sorbitol (green line);10 mM D-
Sorbitol (grey line). Scan rate of 20 mV s
-1
. The maximum oxidation current as a function 
of D-Sorbitol concentration is shown in the inset. Potential recorded vs. Ag/AgCl (3M 
KCl). 
 
Following the addition of 1 mM NAD
+
 to the buffer solution, the catalytic response 
of D-Sorbitol dehydrogenase has been recorded with an upsurge in the maximum 
oxidation current as a function of the substrate concentration (Fig. 6.16). Detectable 
activity of DSDH, triggered in the presence of soluble cofactor, indicated satisfying 
biological performance of the enzyme and hence confirmed that the initial lack of response 
has been due to steric hindrance and limited communication between the enzyme and 
NAD
+
. Significant increase in the produced current has been demonstrated for D-Sorbitol 
concentrations of up to 4 mM with a gradual saturation of the enzyme from 6 mM 
onwards. The catalytic efficiency of the DSDH system on bioanode reached a plateau at 
approximately 8 mM, with the current being only insignificantly larger at 10 mM of the 
substrate. A schematic representing the reaction is included as an inset. 
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Following successful determination of DSDH catalytic activity, the original 
composition of the starting sol has been altered by decreasing the ratio of NAD
+
 to GPS to 
1: 6.25 (w/w), according to a protocol reported in [133]. Resulting TEOS solution has 
been then electrodeposited on a clean Au disc electrode, according to the protocol used 
previously. As formerly, the mediated electron transfer has been studied upon increasing 
concentrations of D-Sorbitol (Fig. 6.17).  
 
 
Fig. 6.17. Response of Au disc to increasing concentrations of substrate in 0.1 M Tris-HCl 
buffer pH 9.0 containing 0.1 mM FDM: 0 mM D-Sorbitol (black line); 2 mM D-Sorbitol 
(red line); 4 mM D-Sorbitol (navy line); 6 mM D-Sorbitol (cyan line); 8 mM D-Sorbitol 
(magenta line). Electrode with DSDH/NAD
 
-GPS/DI/TEOS film, containing altered ratio 
of the NAD
+
 to GPS (1: 6.25). Scan rate of 20 mV s
-1
. The maximum oxidation current as a 
function of D-Sorbitol concentration is shown in the inset. Potential recorded vs. Ag/AgCl 
(3M KCl). 
 
As illustrated in Fig. 6.17, alteration of the sol composition, yielded an improved 
catalysis of DSDH, measured as a 1.2-fold increase in the oxidation current as compared 
to the plain buffer (no substrate). Decreasing the ratio of NAD
+
 to GPS to 1: 6.25 (w/w) 
provided a less compact matrix structure and much better stabilization of the cofactor 
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molecule, resulting in an efficient electron exchange with DSDH and higher catalytic 
currents with the substrate saturation at merely 2 mM (Fig. 6.17) This proves a greater 
sensitivity of the enzymatic system with high performance obtained at a lower fuel 
requirement. 
Following successful catalysis, the enzymatic response of DSDH to D-Sorbitol has been 
compared for both systems; with the cofactor freely suspended in the buffer solution, and 
when it has been co-encapsulated within the TEOS matrix as a NAD-GPS conjugate in a 
1: 6.25 (w/w) ratio. Limiting current values for the oxidation reaction have been evaluated 
as a function of D-Sorbitol concentration and were plotted based on the maximum 
recorded current (Fig. 6.18).  
 
 
Fig. 6.18. Comparison of the oxidation current for DSDH/NAD
+
-GPS/DI/TEOS film 
electrogenerated on Au with additional 1 mM NAD
+
 in the buffer solution (black curve) 
and when NAD
+ 
- GPS co-entrapped within the sol-gel matrix (red curve). 
 
As can be seen in Fig. 6.18,  an up to 61 % increase in the oxidation current has 
been recorded when NAD
+
 has been co-immobilized within the sol-gel matrix. Rapid 
increase in the electrode performance has been measured when low concentrations of D-
Sorbitol were added to the buffer (2 mM). Higher levels of the substrate resulted in an 
almost immediate saturation of the enzyme, with a minor change in the current output at 
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D-Sorbitol concentrations of 5 mM and greater. Nearly a two fold increase in the oxidative 
current when compared the electron transfer efficiency of immobilized NAD
+
 to a soluble 
cofactor system indicates the favourable effect of cofactor encapsulation on the rate and 
the frequencey of the electron exchange (Fig. 6.18). 
The obtained results emphasize the critical role of the cofactor on the activity of 
dehydrogenase, highlighting the need to optimize the chemical environment of the sol-gel, 
according to the intrinsic nature and biological functions of the incorporated species. Only 
stable entrapment of NAD
+
, allowing for its certain mobility within the film, can promote 
the efficient electron transfer between the redox center of the enzyme and the electrode 
surface. 
 
B) Glucose oxidase modified PoPD based bioanode.  
 
The majority of experimental work on GOX immobilized in poly o-PD films has 
been carried out in 0.1 M phosphate buffer, pH 7.4, in the presence of 50 mM glucose and 
7 mM ferrocenecarboxylic acid (FCA). The response of the enzyme has been studied 
using Cyclic Voltammetry measurements under repetitive cycles.  
Initial GOX/o-PD films have been prepared by electrodeposition from a 1 mg mL
-1
 
suspension of the enzyme in the polymer solution and have been studied in the presence of 
1 mM FCA and increasing concentrations of glucose. The buffered substrate has been 
added gradually to the bulk 0.1 M phosphate buffer (pH 7.4) and the mixture has been 
thoroughly mixed by pipetting, in order to provide a homogenous solution. The 
electrochemical signal has been recorded at a 100 mV s
-1
 scan rate under unstirred 
conditions (Fig. 6.19). All solutions have initially been pre-warmed in the oven at 40 ºC 
prior to the electrochemical testing, in order to promote the electrocatalysis of GOX. The 
experiments were however carried out at 30 ºC.  
Cyclic voltammetry response of GOX functionalized PoPD films deposited on the 
surface of commercial gold disc (Ø 2 mm) electrodes with an enzyme load of 1 mg mL
-1
, 
demonstrated no catalysis of glucose electrooxidation by GOX in the presence of 
ferrocenecarboxylic acid and increasing concentrations of the substrate (Fig. 6.19). The 
small rise in the current at the highest electrode potential is most likely due to hydrogen 
peroxide generation or direct oxidation of glucose on the Pt electrode, not involving the 
enzyme. The lack of electrocatalytic signal has been attributed to the low concentration of 
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incorporated GOX and therefore, a higher catalyst load has been recommended for further 
studies. 
 
 
Fig. 6.19. Electrochemical response of 1 mg mL
-1
 GOX in poly o-PD to increasing 
concentrations of the substrate: no glucose present (black line); 9 mM glucose (magenta 
line); 16 mM glucose (blue line); signal recorded in 1 mM FCA in 0.1 M phosphate buffer, 
pH 7.4. Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
 
Following an overnight storage in the 0.1 M phosphate buffer (pH 7.4; 4 ºC), the 
electrode has been re-analysed at higher glucose concentrations in the presence of higher 
amount of the mediator species (7 mM FCA in 0.1 M phosphate buffer, pH 7.4) and the 
CV response has been depicted in Fig. 6.20. The sensitivity of GOX to a rapid change in 
the glucose levels has been measured by diluting the solution with fresh buffer and 
decreasing the concentration of the substrate by a factor of 5.4 (indicated as a black dashed 
line). 
As indicated by Fig. 6.20, the electrochemical measurements were consistent with 
the previous results. No significant change in the current has been observed when 
increasing concentrations of glucose were added or when the working solution was diluted 
with a fresh buffer (Fig. 6.20, dashed line), suggesting the lack of GOX catalysis. The 
293 
 
minor increase in the maximum recorded current was attributed to H2O2 formation or a 
direct oxidation of glucose on the Pt electrode. 
 
 
Fig. 6.20. CV of 1 mg mL
-1
 GOX in poly o-PD in the presence of 1 mM FCA and in 
response to glucose solutions: 0 mM glucose (black solid line); 70 mM glucose (blue line); 
124 mM glucose (red line). The signal of GOX to 23 mM glucose, following the dilution 
with the buffer, is indicated as a black dashed line. Scan rate of 100 mV s
-1
. Potential 
recorded vs. Ag/AgCl (3M KCl). 
 
In order to confirm that the change in the response is due to the enzymatic activity 
of glucose oxidase encapsulated in the polymer film, the electrodeposition has been 
carried out in the absence of o-PD, as shown in Fig. 6.21 a). In this case, a drop in the 
recorded current has been attributed to the reduction of the o-PD monomer at the electrode 
/ electrolyte interface. The catalysis has been studied in the presence of increasing 
concentrations of the substrate, according to Fig. 6.21 b), gradually supplied to the 
solution from a buffered stock of glucose (70 mM) and 1 mM FCA. Upon addition of 
glucose, the successive increase in the fuel concentrations resulted in decreased redox 
currents, most likely due to a limited diffusion of mediator molecules in high substrate 
setting, indicated in Fig. 6.21 b). 
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CV of the enzymatic layer prepared in the absence of o-PD and recorded at 
increasing amount of buffered glucose, indicated well pronounced oxidation (0.35 V vs. 
Ag/AgCl) and reduction (0.27 V vs. Ag/AgCl) peaks for FCA; however, no catalysis has 
been observed, most likely due to the lack of the enzyme at the electrode surface. This 
result supports the essential role of the matrix, as a physical support for the encapsulation 
of the catalyst on Au. 
 
 
Fig. 6.21 a) Electrodeposition of 1 mg mL
-1
 GOX without poly o-PD matrix from a 
deaerated phosphate buffer containing 5 mM Na2SO3; b) Response of Au disc electrode to 
glucose solutions in 1 mM FCA in 0.1 M phosphate buffer, pH 7.4: 0 mM glucose (black 
line); 9 mM glucose (red line); 16 mM glucose (navy blue line); 21 mM glucose (cyan 
line). Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
 
The influence of the concentration of GOX on the intensity of the electrochemical 
signal has been investigated using deposits obtained from 10 mM o-PD suspensions with 
10 mg mL
-1
 of the enzyme. The activity of GOX has been evaluated under unstirred 
conditions, upon a gradual addition of buffered glucose stock of 0.56 M, in the presence of 
7 mM FCA (Fig. 6.22). 
As can be seen in Fig.6.22, the electrochemical characterization of GOX / PoPD 
films generated from a 10 mg mL
-1
 concentration of the enzyme in the deposition bath, 
revealed much higher oxidative currents, reaching a value of 3.5 µA when 168 mM of 
glucose was present in the buffer solution (Fig. 6.22). Unlike for the catalytic system 
a) b) 
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containing 1 mg mL
-1
 GOX, no saturation of the enzyme has been recorded even for very 
high concentrations of the substrate.  
 
 
Fig. 6.22. Response of 10 mg mL
-1
 GOX in poly o-PD on Au disc electrode to increasing 
glucose concentrations recorded in 7 mM FCA in 0.1 M phosphate buffer, pH 7.4: 0 mM 
glucose (black line); 70 mM glucose (red line); 124 mM glucose (blue line); 168 mM 
glucose (green line). Scan rate of 100 mV s
-1
. The dependency of the maximum oxidation 
current on glucose concentration is depicted in the inset. Potential recorded vs. Ag/AgCl 
(3M KCl). 
 
The activity of GOX has been re-examined in 0.1 M phosphate buffer (pH 7.4) 
containing 7 mM FCA and high concentrations of glucose, following an overnight 
incubation in the air at room temperature (Fig. 6.23). The influence of the storage 
conditions has been investigated. 
As depicted in Fig. 6.23, a 27 % decrease in the current output has been recorded 
following an overnight air incubation of the enzyme film at room temperature, still 
resulting in a 36 % higher current output measured at a glucose concentration of 124 mM, 
as compared to the initial film with a lower enzyme load. 
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Fig. 6.23. Re-testing the activity of 10 mg mL
-1
 GOX in poly o-PD in the presence of 7 mM 
FCA and in response to various glucose concentrations: 0 mM glucose (black line); 70 
mM glucose (red line); 124 mM glucose (blue line); 168 mM glucose (green line). Scan 
rate of 100 mV s
-1
. The dependency of the maximum recorded oxidation current on glucose 
concentration is depicted in the inset. Potential recorded vs. Ag/AgCl (3M KCl). 
 
In order to study the regeneration of the enzymatic activity of GOX, the electrode 
has been immersed in the phosphate buffer and stored in the fridge at 4 ºC for 96 h. 
Following the incubation, the electrocatalytic properties of the film has been determined in 
buffered glucose solutions (Fig. 6.24). As previously, the sensitivity of the enzyme to a 
rapid alteration in substrate levels has been measured upon dilution of the working 
solution by a factor of 5 (indicated as a black dashed line). 
As one can see, 96 h period of rehydration of the GOX/PoPD layer in 0.1 M 
phosphate buffer, pH 7.4, resulted in an over 2-fold rise in the catalytic activity, when the 
electrode was tested in identical working solution. A maximum response of 8.4 µA has 
been measured for 168 mM of glucose, with 7.85 µA of oxidative current corresponding to 
124 mM glucose (Fig. 6.24). These findings not only confirm retained biological functions 
of GOX encapsulated in the PoPD matrix but also suggest a recommended incubation of 
the deposit in the buffer, prior to the electrochemical testing, in order to obtain 
catalytically active, highly hydrated enzymatic films. 
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Fig. 6.24. Response of 10 mg mL
-1
 GOX in poly o-PD on Au disc electrode upon 96 h 
storage in 0.1 M phosphate buffer pH 7.4, 4 ºC. CV signals to varying glucose 
concentrations recorded in 7mM FCA in 0.1M phosphate buffer, pH 7.4: 0 mM glucose 
(black solid line); 70 mM glucose (magenta line); 124 mM glucose (blue line); 168 mM 
glucose (green line); 34 mM glucose following the dilution with the buffer (black dashed 
line). Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl).The dependency 
of the maximum recorded oxidation current on glucose concentration is depicted in the 
inset.  
 
  The influence of the condition and the duration of the incubation period on the 
catalytic activity of GOX/poly o-PD have been demonstrated in Fig. 6.25, by plotting  the 
electrochemical response recorded in the presence of 168 mM glucose. As can be seen, the 
96 h storage of the electrode in the phosphate buffer (pH 7.4, 4°C) not only retained the 
biological function of the enzyme but yielded a 1.17 fold increase in the catalytic response 
to glucose (blue line), as compared to the signal recorded directly after the immobilization 
(black line). Conversely, an overnight incubation of the deposit in air, at RT, resulted in a 
25 % decrease in the observed oxidation current. These results suggest the critical effect of 
the hydration layer on the performance of the catalyst and the regeneration of the solvation 
shell of the protein following the incubation in the buffer. 
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Fig. 6.25. The effect of the incubation on the CV response of 10 mg mL
-1
 GOX in poly o-
PD recorded in 0.1 M phosphate buffer pH 7.4 containing 168 mM glucose and 7 mM 
FCA: no incubation (black line); overnight storage in air at RT (red line); 96 h hour 
incubation in the buffer at 4 °C (blue line). Scan rate of 100 mV s-1. The effect of the 
incubation conditions on the maximum recorded oxidation current are illustrated in the 
inset. Potential recorded vs. Ag/AgCl (3M KCl). 
 
In order to prove that the electrochemical response is due to the electrooxidation of 
glucose catalyzed by GOX, the signal has been investigated in a buffered FCA solution, in 
the absence of the substrate and in the plain buffer as a control (Fig. 6.27). 
Cyclic voltammograms of the GOX/PoPD layer recorded in the plain phosphate 
buffer and in the presence of 7 mM FCA (Fig. 6.27), demonstrated an identical shape of 
the electrochemical signal, with a slight increase in the maximum oxidation current for the 
mediator solution; however, only in the presence of 70 mM glucose the oxidative current 
reached 6 µA, which is 90 % greater than the signal obtained for FCA. 
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Fig. 6.27. Dependency of the electrochemical response of 10 mg mL
-1
 GOX immobilized in 
poly o-PD on Au disc electrode on the presence of glucose. CV signals recorded in 0 mM 
glucose  0.1 M phosphate buffer pH 7.4 (black line); buffer with 7 mM FCA (red line) and 
buffer with 7 mM FCA and 70 mM glucose (blue line). Scan rate used: 50 mV s
-1
. 
Potential recorded vs. Ag/AgCl (3M KCl). 
 
In order to study the effect of buffer composition on the balance of the electrode 
reactions in the anodic half-cell, the open circuit potential of bare Au disc electrode has 
been measured for 50 mM buffered glucose solution containing 7 mM FCA and compared 
against plain 0.1 M phosphate buffer (no glucose), pH 7.4. The immediate OCP readings 
for the plain buffer and the substrate/mediator medium were 0.6 V and 0.145 V, 
respectively. Temporal potential measurements, recorded for a period of 600 s, revealed a 
rather constant OCP value for glucose and FCA solution, consistent with the instant 
reading. The open circuit potential for the plain buffer did; however; steadily decline in 
time (Fig. 6.28) reaching a value of approximately 0.425 V after 10 mins. In general, the 
balance of electrochemical reactions at the electrode surface, which is determined by the 
OCP, is poorly defined for plain Au, due to the presence of various impurities and 
dissolved oxygen. In that case, the potential reading for gold electrode in plain buffer 
drifts in time (Fig, 6.28, black line). On the contrary, the stability of the time dependent 
OCP reading for the case of the FCA can be explained by a well-defined redox couple 
(Fig, 6.28, red line). Since the electrochemical reactions at the electrode are dependent on 
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the mass and charge transfer properties of the electrolyte, as described by Bard in ref. 
[134], decreased values of measured potential may suggest increased mass and charge 
exchange rates of the half-cell under investigation. 
OCP of bare gold disc electrode measured in phosphate buffer solution (pH 7.4) 
containing 50 mM glucose and 7 mM FCA, resulted in a lower potential reading, as 
compared to plain phosphate buffer (Fig. 6.28). An increase in the OCP value indicates 
improved mass and charge transfer properties at the electrode/solution interface in the 
mediator solution, suggesting environment favouring the electron exchange processes. 
 
 
Fig. 6.28. Time-based OCP measurements of bare Au disc electrode in 0 mM glucose  
(black line) and in 50 mM glucose and 7 mM FCA phosphate buffer pH 7.4 (red line). 
Potential recorded vs. Ag/AgCl. 
 
The open circuit potential of GOX functionalized poly o-PD films on Au disc 
electrode have been investigated in the presence of glucose and FCA and compared with 
the potential reading in the plain buffer, as depicted in Fig.6.29. The immediate OCP 
values for the enzyme doped PoPD modified gold, recorded for plain 0.1 M phosphate 
buffer (pH 7.4) and following the addition of 50 mM glucose and 7 mM FCA, were 0.246 
V and 0.211 V accordingly. Time-dependent measurements recorded for 600 s, 
demonstrated a gradual decline of potential in both solutions, with the same temporal 
301 
 
behavior of the OCP profile reaching the end point value at 0.22 V and 0.186 V for the 
plain and the substrate/mediator supplemented buffers, respectively. While, the presence 
of the polymer membrane, should in general, impede the mass and electron exchange at 
the electrode/solution interface (elevate the measured OCP), the electroactive nature of the 
mediator promotes the charge transfer mechanisms in the solution more efficient than 
what is observed for the plain buffer (Fig. 6.29). The nature of the drop in the potential for 
the GOX/PoPD layer as compared to the bare Au is unclear (Fig. 6.28). Possible 
explanation might be the intrinsic ability of GOX to carry out the electron transfer 
processes, which is further facilitated by a relatively high enzyme load (10 mg mL
-1
). In 
this light, the presence of the oxidase will result in lower OCP readings (lower half-cell 
resistance) than what is recorded in the enzyme-free setting.  
 
 
Fig. 6.29. Time - dependent OCP measurements of GOX/PoPD Au disc electrode in 0 mM 
glucose (black line) and in 50 mM glucose and 7 mM FCA phosphate buffer pH 7.4 (red 
line). Potential recorded vs. Ag/AgCl. 
 
Following successful preparation of GOX/o-PD films and confirmed catalysis of 
glucose oxidation on the disc electrode, the encapsulation of the oxidase within the 
polymer matrix has been carried out at gold electrodes plated on Zeonor substrate, as 
recorded in Fig. 6.30 b). The thin film metal has been chemically cleaned in 1 M H2SO4 
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for 3 h prior to the surface modification, until a reproducible voltammogram for the gold 
oxide formation (~1.28 V) and reduction (~0.98 V) has been obtained, as depicted in Fig. 
6.30 a). The observable drop in the recorded current in Fig. 6.30 b) is indicative of the 
self-limiting formation of the PoPD deposit on the electrode surface. As previously, the 
additional recurring oxidation and reduction peaks observed at 1.05 V and 0.8 V are most 
likely the residues of the previously deposited poly o-PD or Prussian Blue, which 
remained at the electrode surface despite the multi-step cleaning treatment. 
 
 
Fig. 6.30 a) Surface cleaning of Au electrode, design 3, in 1 M H2SO4; scan rate of 100 
mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl); b) The electrodeposition of 10 mg mL
-1
 
GOX in 10 mM poly o-PD films at 0.75 V for 20 min.  
 
The modified electrode has been prepared from a deaerated suspension of 10 mg 
mL
-1
 of the enzyme and 10 mM of the monomer in the 0.1 M phosphate buffer, pH 7.4. 
The electrodeposition has been facilitated by the use of a custom made holder, 
accommodating the Zeonor platform and the reaction solution, as discussed in Chapter II. 
The properties of the electrogenerated film have been studied in the presence of 7 mM 
FCA and increasing concentrations of glucose. The buffered substrate has been added 
gradually to the bulk 0.1 M phosphate buffer pH 7.4 and the mixture has been thoroughly 
mixed by pipetting, in order to provide a homogenous solution. The measurements 
employed the holder as a provisional electrochemical cell, with the Zeonor chip placed at 
the bottom of the reaction chamber, locating the electrodes horizontally with respect to the 
redox medium under investigation. The cyclic voltammetry signal has been recorded at a 
100 mV s
-1
 scan rate, under unstirred conditions (Fig. 6.31). All solutions have been 
a)                                                                                  b) 
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initially pre-warmed in the oven at 40 ºC, prior to the electrochemical testing, in order to 
promote the electrocatalysis by GOX. The experiments were however carried out at 30 ºC. 
 
 
Fig. 6.31. CV signals of 10 mg mL
-1
 GOX in poly o-PD on Au electrode design 3 of the 
electrode layout. Enzymatic response to varying glucose concentrations recorded in 7 mM 
FCA in 0.1 M phosphate buffer, pH 7.4: 0 mM glucose (black solid line); 78 mM glucose 
(red line); 134 mM glucose (blue line); 176 mM glucose (magenta line); 210 mM glucose 
(green line). Black dashed line represents a concentration of 140 mM glucose following 
the dilution with the buffer. Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M 
KCl). The maximum observed oxidation current as a function of glucose concentration is 
shown in the inset. 
 
  As can be seen from Fig. 6.31, the investigation of GOX modified poly-o-PD, 
electrodeposited on Zeonor substrate design 3 of the Au electrode layout, revealed no 
increase in the oxidative current when glucose was added into the solution (Fig. 6.31). 
Similarly to the response in Fig.6.21 b), the redox peaks of the FCA gradually diminished 
upon increasing amount of the substrate, indicating diffusion limitations of FCA, possibly 
due to the effect of the solution viscosity on ferricyanide mobility.  
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The electrode has been stored in the buffer at 4 ºC overnight and the catalytic 
response of GOX towards elevated glucose concentrations, determined the following 
morning (Fig. 6.32). The electrochemical set-up comprised of the holder bearing the 
horizontally positioned Zeonor chip, has been employed as previously. 
 
 
Fig. 6.32. Response of 10 mg mL
-1
 GOX in poly o-PD on Au electrode design 3 of the 
electrode layout following an overnight incubation in the buffer at 4 ºC. Enzymatic 
response to increasing glucose concentrations studied in 7 mM FCA in 0.1 M phosphate 
buffer, pH 7.4: 0 mM glucose (black solid line); 58 mM glucose (red line); 99 mM glucose 
(navy blue line); 1.4 M glucose (magenta line); 1.55 M glucose (cyan line). Black dashed 
line represents a concentration of 1.07 M glucose following the dilution with the buffer. 
Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). The oxidation current 
vs. glucose concentration dependency and the horizontal position of the electrodes are 
shown in the insets.  
 
CV measurements, recorded after an overnight incubation in the phosphate buffer, 
confirmed restricted access of the mediator and lack of catalysis, due to a built up of 
glucose layer at the electrode/solution interface. This resulted in inhibited exchange of 
electrons between the mediator molecules and the electrode (Fig. 6.32).   
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Following a series of ambiguous results, the experimental set-up has been altered 
by immersing the GOX/o-PD modified gold electrodes vertically in the electrochemical 
cell, containing the redox solution. The catalytic response of the enzyme has been 
investigated upon addition of glucose, in the presence of FCA as the mediator (Fig. 6.33). 
For the purpose of this study, a modified gold electrode of design 3 (defined in Chapter V) 
stored in the buffer for 72 hours, prior to the measurement has been employed, in order to 
determine the potential catalytic activity of the deposit and the stability of the generated 
GOX film over time. 
 
Fig. 6.33. Cyclic voltammetry response of 10 mg mL
-1
 GOX in poly o-PD deposited on Au 
electrode design 3 of the layout following 72 hour incubation in the buffer at 4 ºC. 
Catalytic activity of GOX to glucose in 7 mM FCA in 0.1 M phosphate buffer, pH 7.4: 0 
mM glucose (black line); in the presence of 70 mM glucose (red line). The electrode was 
immersed vertically in the electrochemical cell containing the studied solution. Scan rate 
of 100 m V s
-1
. Potential recorded vs. Ag/AgCl (3M KCl).The vertical position of the on-
chip electrodes is illustrated in the inset. 
 
Altering the configuration of the modified Zeonor platform from horizontal to a 
vertical resulted in an effective electrooxidation of glucose by GOX (Fig. 6.33), with a 54 
% increase in the maximum recorded oxidation current in the presence of glucose (70 
mM). In addition, since the investigation has been carried out following a 72 h storage in 
the phosphate buffer, the stability of electrogenerated film and retained biological activity 
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of GOX have been simultaneously demonstrated. These results emphasize the importance 
of an unlimited diffusion of the species towards the polymer film. While the horizontal 
electrode location results in a built up of a glucose layer at the polymer/solution interface, 
preventing the access of the mediator, the vertical positioning of the chip impedes 
substrate accumulation due to gravitational forces. This phenomenon should not; however, 
be an issue in the case of the mediator being co-immobilized at the electrode surface or in 
a dynamic system, where the flow of the fuel successfully prevents the local aggregation 
of the substrate. This is particularly valid for practical applications, where one would like 
to minimize the preparation of the fuel source and hence maintain all catalytic reagents on 
the active element.  
 
C) Lactate oxidase functionalized o-PD bioanode. 
 
Initial encapsulation of lactate oxidase (LOX) within the o-phenylenediamine 
matrix has been carried out in the absence of Prussian Blue (PB), from buffered solution 
of 5 mM o-PD and 0.005 mg mL
-1
 LOX. The testing involved cathodic detection of the 
by-product of the enzymatic reaction, H2O2, formed upon addition of increasing volumes 
of the substrate, sodium L-Lactate. The electroreduction of generated H2O2 has been 
studied by posing the electrode at a constant potential of - 0.75 V and recording the 
resulting current in unstirred conditions over a period of 120 s.  Electrochemical 
decomposition of peroxide enables indirect quantification of L-lactate consumed by the 
reaction, as such being indicative of the catalytic properties of LOX [68].  
The amperometric signal of Au disc electrode modified with LOX / PoPD film has 
been initially recorded in 5·10
-5 
M sodium L-lactate solution of 0.05 M phosphate buffer 
pH 7.4. Following the basal signal, the response was measured upon successive 200 µL 
additions of the initial lactate solution, until a substrate concentration of 27 mM was 
reached (Fig. 6.34). The solution has been mixed by pipetting after each injection. 
The amperometric studies employing LOX/PoPD modified Au disc electrodes 
showed increased current response due to peroxide reduction, upon addition of L-lactate 
(Fig. 6.34). Due to the minuscule enzyme concentration (0.005 mg mL
-1
), the current was 
in the order of nA. 
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Fig. 6.34. Current-time response of 0.005 mg mL
-1
 LOX/PoPD modified Au disc electrode 
at -0.75 V to successive additions of 5x10
-5
 L-lactate in 0.05 M phosphate buffer, pH 7.4. 
Signal recorded at 0.75 V for 5x10
-5
 L-lactate (magenta line); 10 mM L-lactate (blue line); 
19 mM L-lactate (red line) and 27 mM L-lactate (black line).  
 
Sensitivity of the PB modified Au disc macro-electrode to H2O2 has been 
investigated using voltammetry studies in the presence of increasing amounts of H2O2, 
prepared as a solution in 0.05 M phosphate buffer pH 7.4 (Fig. 6.35). The measurement 
has been performed by cycling the potential of the working electrode within the -0.6 V and 
0 V range [135].  
The majority of the experimental work on peroxide determination, carried out as 
part of this chapter, was performed using cyclic voltammetry as the method of choice. 
Chronoamperometric studies as more sensitive and with long-term applicability [105], are 
typically employed in electrochemical biosensors where lower detection limits are an 
essential requirement.  
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Fig. 6.35. Response of 4 mM PB modified Au disc electrode to successive increase in 
peroxide concentration. Signal recorded in 0.05 M phosphate buffer pH 7.4 with 6.66 ppb 
of H2O2 (black line); 22 ppb H2O2 (blue line) and 36 ppb H2O2 (red line). Scan rate of 100 
mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
 
As depicted in Fig. 6.35, the slightly elevated reduction currents for the 
electrodeposited PB polycrystals were consistent with the small rise in the peroxide 
concentration. The peak onset for the electrochemical reduction of H2O2 by PB was 
recorded at -0.2 V. 
For the comparison purpose, the response of PB has been also analyzed using a 
commercial Au micro-electrode (Ø 12.5 µm), provided by Dr. Alan O’Riordan from the 
Nanotechnology Group of the Tyndall National Institute. The investigation was carried out 
in order to study the properties of the system transposed onto a different electrode 
configuration (Fig. 6.36). 
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Fig. 6.36. Electrochemical reduction of hydrogen peroxide catalysed by 4 mM PB 
modified Au micro-electrode. CV recorded in 0.05 M phosphate buffer at pH 7.4 (black 
line) as a control and in the presence of: 6.66 ppb of H2O2 (green line); 22 ppb H2O2 (red 
line) and 36 ppb H2O2 (blue line). Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl 
(3M KCl).The plot of an absolute value of current as a function of peroxide concentration 
is presented in the inset.  
 
PB supported reduction of the peroxide on a commercial gold micro electrode (Ø 
12.5 µm), conducted in order to study the reproducibility of the method, revealed small 
increase in the peak values with a potential onset for the reductive current at -0.2 V vs. 
Ag/AgCl (Fig. 6.36). The dependency of the current on the amount of H2O2, illustrated as 
the inset of Fig, 6.37, indicates a steady increase in the response within the investigated 
range of peroxide concentrations. 
The magnitude and the shape of the electrochemical signal of Au have been further 
evaluated following the electrodeposition of o-PD on a macro-electrode, previously 
modified with PB. The electroreduction of peroxide has been recorded as formerly, by 
measuring the CV response at various H2O2 concentrations, as shown in Fig. 6.37. 
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Fig. 6.37. Electroreduction of hydrogen peroxide by PoPD/PB modified Au disc macro-
electrode. CV recorded in 0.05 M phosphate buffer pH 7.4 (black line) as a control and in 
the presence of: 6.66 ppb of H2O2 (red line) and 36 ppb H2O2 (green line). Scan rate of 
100 mV s
-
.
1
 Potential recorded vs. Ag/AgCl (3M KCl). The dependency of the absolute 
reduction current as a function of peroxide concentration is depicted in the inset.  
 
Cyclic voltammetry measurements of PoPD/PB modified Au disc macro-electrode 
(Fig. 6.37) suggested enhanced electrocatalytic activity of PB towards peroxide reduction, 
as compared to PB alone (Fig.6.36), a phenomenon which has been ascribed to the 
stabilizing effect of the polymer layer. 
Following successful detection of H2O2 by PoPD / PB deposits, the activity of 
LOX (0.005 mg mL
-1
) modified polymer films has been determined via CV measurements 
of generated peroxide, when increasing concentrations of L-lactate have been added to the 
buffer solution (Fig. 6.38). The potential of the working electrode has been cycled 
between -0.8 V and 0.2 V. 
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Fig. 6.38. Response of LOX/PoPD/PB modified Au disc macro-electrode to H2O2 
electroreduction. CV recorded in plain 0.05 M phosphate buffer pH 7.4 (black line) and in 
the presence of: 0.4 mM L-lactate (cyan line); 0.74 mM L-lactate (magenta line); 1.1 mM 
L-lactate (green line); 1.4 mM L-lactate (navy blue line); 1.7 mM L-lactate (red line). 
Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). The dependency of 
H2O2 reduction current (absolute value) on the concentration of L-lactate is illustrated in 
the inset. 
 
The encapsulation of LOX in the polymer film and a consecutive addition of the L-
lactate demonstrated successful catalysis by enzyme at increasing concentrations of the 
substrate (Fig. 6.38). As the reaction has been followed by voltammetric detection of its 
by-product, peroxide, a gradual rise in the reduction peak of H2O2 commencing at -0.2 V 
has been detected upon addition of the lactate. 
As previously, the response of the enzyme modified PoPD / PB double layer to the 
presence of lactate has been also confirmed on Au micro-electrode (Ø 12.5 µm) and is 
presented in Fig. 6.39.  
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Fig. 6.39. Electrochemical detection of H2O2 by LOX/PoPD/PB modified Au 
microelectrode. CV recorded in plain 0.05 M phosphate buffer pH 7.4 (red line) and in the 
presence of: 2 mM L-lactate (black line); 4 mM L-lactate (blue line) and 6 mM L-lactate 
(magenta line). Scan rate of 100 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
 
As can be seen from Fig. 6.39, a sudden increase in the current has been recorded 
at 4 mM of L-lactate, resulting in a 40 % enhancement in the electrochemical response as 
compared to the signal in plain 0.05 M phosphate buffer pH 7.4. Implementation of the 
catalytic system on the commercial Au micro-electrode confirmed that the immobilization 
protocol can be successfully applied in both macro- and micro-scale metal supports. 
 
6.5.2. Enzymatic biocathodes. 
 
A) Bilirubin oxidase sol-gel based biocathode. 
 
The electrochemical response of BOX (10 mg mL
-1
 in DI H2O) biofunctionalized 
sol-gel films containing the Os polymer to O2 has been recorded in 0.1 M Phosphate 
Buffer Saline (PBS), pH 7.0, via cyclic voltammetry measurements. The enzymatic 
activity has been studied in the presence of atmospheric oxygen in aerated buffers, 
following a 30 mins exposure to air.  
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A number of strategies have been undertaken in the attempt to immobilize BOX in 
the polymer matrix, while maintaining its biological activity and providing efficient 
catalysis. Tetraethyl orthosilicate (TEOS) and chitosan have been considered as potential 
host materials for the enzyme encapsulation, with glassy carbon, platinum and gold 
selected as the solid supports for the surface treatment. Although carbon materials are 
routinely employed in catalytic studies due to their excellent electrical properties, the 
immobilization of oxidase on metal surfaces was of particular interest in the development 
of biocathodes, envisaged as part of this chapter. This is due to the fact that the electrodes 
microfabricated on Zeonor substrates, as discoursed in Chapter V, are platinum and gold 
based and therefore in order to transpose the constructed half-cell into a microfluidic 
setting, the enzymatic system for BOX needs to be compatible with Pt and Au. For this 
reason, numerous efforts have been directed towards the adaptation of the surface 
properties of the metals. The effects of carbon nanotubes and polyelectrolytes have been 
also investigated, in order to improve the electron transfer properties within produced 
films and to stimulate the electrocatalysis of BOX in the presence of oxygen.  
 
 Influence of the redox mediator 
 
The catalytic reduction of molecular oxygen by BOX sol-gel films has been 
investigated on commercial glassy carbon (GCE) disc electrodes, in the presence of the 
polyelectrolyte, PEI (Fig. 6.40). 5 µL of the 0.25 M hydrolysed TEOS mixture containing 
the enzyme and polyethyleneimine in 4:1 (v/v) ratio has been drop-coated onto a clean 
GCE electrode and left at RT for 2 h to polymerise and dry. Following the matrix 
polymerization, the film has been immersed in the 0.1 M PBS buffer pH 7.0 and the 
electrochemical signal in the aerated and oxygen-free solutions has been analyzed by 
cyclic voltammetry measurements. The analysis has been performed in absence, Fig. 6.40 
b), and in the presence, Fig. 6.40 a), of the mediator, Os polymer, co-encapsulated in the 
sol-gel matrix. Successful electrocatalysis would result in an increase in the maximum 
recorded reduction current, followed by a rapid decline in the oxidative current. Direct 
electron transfer properties of BOX, reported by a number of authors  [136, 137], have 
been evaluated when no Os has been added to the starting sol. 
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Fig. 6.40. Cyclic voltammograms of 10 mg mL
-1
 BOX in 0.25 M TEOS containing PEI, 
drop-coated on GCE disc electrode, recorded in 0.1 M PBS buffer pH 7.0: a) Mediated 
electron transfer in the presence of osmium polymer; detectable oxidation and reduction 
peaks of Os recorded at 0.23 V and 0.16 V accordingly in oxygen-free solution (black 
line); reduction of molecular oxygen by BOX in aerated buffer (red line); b) Direct 
electron transfer of BOX  in oxygen-free solution (black line) and in the presence of 
molecular oxygen (red line). Scan rate of 20 mV s
-1
. Potential recorded vs. Ag/AgCl (3M 
KCl). 
 
Electrochemical studies of the electroreduction of oxygen by BOX functionalized 
sol-gel films indicate the dependency of the catalysis on the Os species. As can be seen 
from the Fig. 6.40 b), the enzyme did not exhibit direct electron transfer and the effective 
reduction of oxygen has been demonstrated only in the presence of osmium polymer co-
encapsulated in the in sol-gel film, as shown in Fig. 6.40 a). The oxidation and reduction 
peaks recorded at 0.16 V and 0.23 V accordingly, represented in Fig. 6.40 a) by a black 
line, correspond to the steady and reproducible response of the Os mediator measured in 
nitrogen purged buffer solutions.  
The catalytic behavior of the enzyme and efficient electrical communication 
between the active components have been established upon effective mediated 
electroreduction of oxygen. The modified GCE electrode exhibited a continuous catalytic 
response under multiple CV scans. 
 
 
 
a)      b)  
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 Influence of the polymer additives 
 
In order to investigate the role of the polyelectrolyte on the catalytic properties of 
BOX, the electrochemical response of the oxidase has been studied in the absence of PEI, 
as seen in Fig. 6.41 b), and compared with the response in the presence of 
polyethyleneimine, depicted in Fig. 6.41 a). 5 µL of the enzyme and Os suspension in 2:1 
(v/v) ratio, prepared in 0.25 M hydrolysed TEOS, has been applied onto a clean GCE 
surface and the film was left at RT for 2 h to age and dry. Following the matrix 
condensation, the electrode has been immersed in the 0.1 M PBS buffer pH 7.0 and the 
CV signal has been recorded in aerated and oxygen-free solutions, obtained according to a 
previously used protocol. 
As illustrated in Fig. 6.41, the successful catalysis of the O2 electroreduction by 
BOX, co-immobilized within the sol-gel with Os polymer, was only possible in the 
presence of positively charged polyethyleneimine, PEI, illustrated by a) in Fig. 6.41. No 
response has been recorded in the absence of the polyelectrolyte, as demonstrated in Fig. 
6.41 b. 
 
Fig. 6.41. Cyclic voltammograms of 10 mg mL
-1
 BOX in 0.25 M TEOS, containing Os 
polymer and drop-coated on GCE disc electrode; signal recorded in 0.1 M PBS buffer pH 
7.0: a) Response in the presence of PEI; oxidation and reduction peaks of Os recorded at 
0.23 V and 0.16 V accordingly in oxygen-free solution (black line); reduction of molecular 
oxygen by BOX in aerated buffer (red line); b) CV of BOX  in the absence of PEI, in 
oxygen-free solution (black line) and in aerated buffer (red line); oxidation and reduction 
peaks of Os detectable at 0.23 V and 0.16 V respectively. Scan rate of 20 mV s
-1
. Potential 
recorded vs. Ag/AgCl (3M KCl). 
a)      b)  
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Influence of the electrode material 
 
The enzymatic conversion of molecular oxygen to water has been additionally 
studied on Au and Pt disc electrodes modified with 10 mg mL
-1
 BOX sol-gel films 
containing both PEI and the Os polymer as the mediator for the reduction reaction. The 
deposits have been obtained as previously, by casting the hydrolysed TEOS suspension of 
the enzyme onto a mechanically polished electrode material. Cyclic voltammetry 
measurements have been performed in 0.1 M PBS buffer pH 7.0, in the presence of O2. 
CV response in the deaerated solutions has been used as a control. Fig. 6.42 represents the 
response of BOX/Os/PEI functionalized sol-gel film on gold, denoted in a), and platinum, 
as shown in b), disc macro-electrodes when the buffer was exposed to air or purged with 
nitrogen. In order to provide a durable attachment of drop-coated silica films and promote 
the response of BOX, Au and Pt electrodes have been pre-treated with 3-mercaptopropyl 
trimethoxysilane (MPTMS) self-assembly monolayer. The electrochemical signal on GCE 
is presented in Fig. 6.42 c) for comparison. 
Surface modification of Au and Pt has been carried out by incubating the electrode 
with a 100 µL aliquot of a 20 mM MPTMS in EtOH mixture for 10 minutes, according to 
a protocol described in [138]. The electrode was rinsed in a 1:1 water/ethanol mixture and 
the TEOS solution containing BOX, PEI and Os polymer has been subsequently applied. 
MPTMS is an organosilane and, as such, is likely to interact with the electrode surface. 
The application of mercaptopropyl silane derivative has been successfully demonstrated 
on gold [139-143], where it acted as a “nanoglue” holding the succeeding silica film and 
the electrode together, while providing an efficient exchange of species with the external 
solution.  
As can be seen from Fig. 6.42, the electrochemical behaviour of bilirubin oxidase 
immobilized in drop-coated silica films indicated a significant dependency of the 
enzymatic activity on the electrode material. Successful catalysis has been recorded only 
on glassy carbon, as shown in Fig. 6.42 c), with a rather poor response on MPTMS 
modified platinum, reported in Fig. 6.42 b). No measurable signal for the electroreduction 
of oxygen has been detected on gold, pre-treated with MPTMS, as indicated in Fig. 6.42 
a). The maximum observed redox currents for Os, at 0.23 V and 0.16 V vs. Ag/AgCl, are 
however evident in deaerated buffer scans for both metals. The efforts to improve the 
adhesion of sol-gel films onto gold and platinum by surface treatment with MPTMPS, 
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although provided a stable attachment of succeeding silica layer, did not result in a 
successful catalysis, as reported in Fig. 6.42 a) and b). 
 
Fig. 6.42. Electrochemical response of BOX (10 mg mL
-1
)/Os/PEI sol-gel films drop-
coated on various electrode materials recorded in 0.1 M PBS buffer, pH 7.0 for: a) Au 
disc electrode previously treated with 20 mM MPTMS, in the presence of molecular 
oxygen (red line) and in the oxygen-free solution (black line); b) Pt disc electrode treated 
with MPTMS, signal in the aerated (red line) and oxygen-free (black line); c) MPTMS-
untreated GCE in oxygen-free solution (black line); reduction of molecular oxygen by 
BOX in aerated buffer (red line); Oxidation and reduction peaks of Os in deaerated buffer 
have been recorded at 0.23 V and 0.16 V vs. Ag/AgCl, accordingly. Scan rate of 20 mV s
-1
. 
Potential recorded vs. Ag/AgCl (3 M KCl).Cartoon of the catalytic mechanism is also 
included. 
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Influence of the MWCNTs 
 
Since no catalytic activity has been detected on metal electrodes, the surface of 
gold has been modified with Multi Walled Carbon Nanotubes functionalized with Os 
(MWCNT-Os), in order to promote the electron transfer between the active site of BOX 
and the electrode. MWCNT-Os has been prepared by sonicating the solution containing 
the nanostructures for 1 h and successive incubation with the osmium polymer for a period 
of 12 h, as described in [144]. The treatment leads to a stable attachment of the positively 
charged polymer to the sidewalls surface of MWCNT. Simple mixing of MWCNTs with 
Os-polymer suspension did not result in a stable functionalization.  
Sol-gel films have been obtained in a two-step protocol with a MWCNT-Os / 
TEOS bottom layer applied on a clean electrode and subsequent top coating of the enzyme 
and PEI suspension in 0.25 M TEOS. Fig. 6.43 illustrates schematically the double-layer 
catalytic system formed in silica sol-gel by drop-coating. Application of the highly 
conductive carbon nanotubes has been reported [145] to successfully promote the direct 
electron transfer catalysis of BOX and, as such, should lead to elevated reduction current, 
even in the absence of Os polymer. 
Cyclic voltammetry measurements of gold disc electrode modified with a 
sandwich assembly of MWCNT-Os/TEOS and BOX/PEI/TEOS (0.25 M) have been 
performed as previously in 0.1 M PBS buffer (pH 7.0). The solution has been purged with 
nitrogen or aerated for 20 mins and the electrochemical signal of BOX has been recorded 
for Au disc electrode in Fig. 6.44 a). In order to validate the potential mediating properties 
of MWCNT-Os, the modification protocol has also been applied to GCE and the 
electrochemical response was recorded in oxygen-free and aerated buffer solution, as 
shown in Fig. 6.44 b). 
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Fig. 6.43. Schematic of the BOX / PEI sol-gel modified electrode pre-treated with 
MWCNT-Os layer. 
 
Electrically conductive Multi Walled Carbon Nanotubes functionalized with Os, 
directly applied as a separate layer on the electrode surface, did not promote the direct 
electroreduction of oxygen on Au, as can be seen in Fig.6.44 a). Additionally, the 
transposition of the system onto glassy carbon, performed as a control experiment, did not 
demonstrate the enzymatic activity of BOX in the presence of Os conjugates with 
MWCNT, see Fig. 6.44 b), suggesting a lack of communication between the catalyst and 
carbon-mediator species. 
 
Fig. 6.44. Electrochemical response of 10 mg mL
-1
 BOX/PEI sol-gel modified disc 
electrode previously treated with MWCNT-Os/TEOS the air (red line) and after 20 mins 
purge with the nitrogen (black line) for: a) Au; b) GCE. Signals recorded in 0.1 M PBS, 
pH 7.0. Scan rate of 20 mV s
-1
. Potential recorded vs. Ag/AgCl (3M KCl). 
a)            b)  
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Influence of chitosan 
 
The selection of chitosan as an alternative matrix for the immobilization of BOX 
has been determined by the literature reviews, indicating that the polar groups within the 
polymer provide a favourable chemical environment for the biomolecule entrapment. The 
positive influence of chitosan on the stability of incorporated species has been previously 
demonstrated in particular when in combination with silica gels and, hence the material 
has been widely exploited in electrocatalytic studies  [146, 147]. As reported in [121], the 
encapsulation matrices incorporating polymers with protonated amine or ammonium 
functions, significantly improve the enzymatic activity of certain catalysts, such as DSDH. 
The preliminary studies investigated the influence of chitosan as a potential matrix 
for MWCNT-Os encapsulation on gold disc electrode. The oxidase was not present in the 
initial analysis. The modification solution was prepared from 0.5 % chitosan (medium 
molecular weight), according to the protocol enclosed in Chapter II, by mixing the 
powdered polymer with 1 % acetic acid and sonicating the suspension for 1 h. The 
resulting solution was further mixed with MWCNT-Os, and applied on the electrode by 
drop-coating. Following the drying, the electrochemical behaviour of the film has been 
studied in 0.1 M PBS buffer, pH 7.0 and compared to the response of 0.25 M hydrolysed 
TEOS (Fig. 6.45). 
The application of 0.5% chitosan suspension in acetic acid, as a potential matrix for 
species encapsulation, revealed good redox behaviour of Os polymer (Fig. 6.45). The 
cyclic voltammetry measurements of the polysaccharide entrapped MWCNT-Os have 
shown improved electrochemical response, as compared to the silica gel (Fig. 6.45). 
Nevertheless, the mechanical stability of drop-coated chitosan films was not satisfactory. 
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Fig. 6.45. Electrochemical response of MWCNT-Os polymer drop-coated on Au disc 
electrode in 0.5 % chitosan (black line) and in 0.25 M TEOS (red line); signal measured 
in 0.1 M PBS buffer pH 7.0. Scan rate of 20 mV s
-1
. Potential vs. Ag/AgCl. 
 
In order to minimize potential unfavorable effects of the working buffer on the 
biological activity of BOX, the electrochemical response of 10 mg mL
-1
 BOX has been 
studied on Pt working electrode at pH 5.5 and pH 7.0. Direct electron transfer properties 
of the enzyme encapsulated in the chitosan matrix (5% in acetic acid) have been explored 
in the presence of the substrate, oxygen, and in deaerated buffer solutions. The shape and 
the onset of the reduction peak of modified electrodes have been compared to the signal of 
bare Pt (Fig. 6.46). 
The electrochemical characterization of BOX / chitosan modified and bare 
platinum, studied in the absence of Os and PEI, revealed a dependency of the reduction 
peak shape upon the pH of the buffer (Fig. 6.46) with approximately 36 % increase in the 
maximum recorded reduction current at pH 7.0. Prolonged exposure to air resulted in a 
greater response of chitosan films, however when compared to the signal of bare Pt, much 
lower current has been obtained, regardless of the pH, as depicted in Fig. 6.46 a) and b). 
One explanation to these findings is a possible compact structure of the film, preventing 
efficient diffusion of oxygen towards Pt. The lack of the enzymatic catalysis can be 
attributed to the absence of Os and PEI, confirming the polyelectrolyte requisite and no 
direct electron transfer of BOX in chitosan matrix. 
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Fig. 6.46. Influence of the pH of the studied solution on the biological response of 10 mg 
mL
-1
 BOX in 5 % chitosan at bare Pt, 20 mins in air (black line); BOX/chitosan/Pt, 20 
mins in air (red line); BOX/chitosan/Pt, 10 mins in air (green line); BOX/chitosan/Pt, 20 
mins in nitrogen (blue line) for a) pH 5.5 and b) pH 7.0. Scan rate of 20 mV s
-1
. Potential 
recorded vs. Ag/AgCl (3M KCl). 
 
Tab. 6.1. recapitulates the experimental approaches undertaken in the development 
of a sustainable and electrochemically active BOX/sol-gel biocathode. As discussed 
previously, the work employed a number of electrode materials (GCE and metals), 
supplementation of the host matrix with chitosan and the investigation of the mediator 
effect on the catalytic activity of the enzyme. Despite the rather simple configuration of 
the catalytic layer, in particular when compared with the multi-component bioanodic 
system for DSDH, successful catalysis of BOX has only been demonstrated on GCE and 
in the presence of Os and the PEI polyelectrolyte. The functionalization of the metal 
electrodes with MWCNT, in order to mimic the properties of carbon materials, as well as 
surface modification with MPTMS, described in the results section, did not result in a 
detectable catalytic activity of the oxidase. 
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Tab. 6.1. Summary of the sol-gel immobilization strategies for the development of BOX 
based bioanode. 
 
 
B) Laccase modified sol-gel biocathode. 
 
The electrochemical characterization of laccase biofunctionalized o-PD films has 
been carried out in 0.1 M phosphate buffer pH 6.0, in the presence and absence of the 
substrate, molecular oxygen. As the initial attempts to use ABTS to facilitate mediated 
electron transfer of the enzyme were unsuccessful, quinone (Q) has been further selected 
as the mediator for the catalytic activity of laccase, as reported in ref. [69]. The response 
of the enzyme and stability of generated deposits have been studied using cyclic 
voltammetry measurements under repetitive potential cycles.  
The initial laccase/PoPD modified films have been obtained by electrodeposition 
from 0.1 M acetate buffer at pH 6.0 containing 0.1 mg mL
-1
 of the enzyme and 5 mM of 
the polymer solution. The activity of laccase towards mediated electroreduction of 
molecular O2 has been studied in oxygen purged phosphate buffer (0.1 M, pH 6.0), 
containing 3 mM Q. The gas was let to vigorously bubble through the medium for 30 mins 
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prior to the CV measurement being taken and gently flow over the solution surface 
throughout the experiment. The catalytic activity of the enzyme in deoxygenated solution 
has been recorded as a control (Fig. 6.47). All solutions have been initially pre-warmed in 
the oven at 40 ºC, prior to the electrochemical testing, in order to promote the 
electrocatalysis of laccase. The experiments were however carried out at 30 ºC. 
 
Fig. 6.47. Cyclic voltammetry response of 0.1 mg mL
-1
 laccase in 5mM poly o-PD 
deposited on Pt disc electrode from 0.1 M phosphate buffer pH 6.0. Response in 3 mM Q 
in 0.1 M phosphate buffer pH 6.0 following a 40 mins nitrogen purge (black line) and 20 
mins oxygen purge (red line). Scan rate of 10 mV s
-1
. Potential recorded vs. Ag/AgCl (3M 
KCl). 
 
When studied the catalysis of laccase following a 20 mins purge of the buffer (pH 
6.0) with pure oxygen, a 60% rise in the reductive current has been recorded as compared 
to the signal in deaerated buffer (Fig. 6.47).  
The dependency of the shape and the intensity of the electrochemical signal on the 
availability of the substrate and the mediator species have been investigated and is 
illustrated in Fig. 6.48. The cyclic voltammetry response of laccase/PoPD film 
electrodeposited on Pt disc electrode has been studied in 0.1 M phosphate buffer (pH 6.0) 
containing 3 mM Q, in the presence (blue line) and in the absence (red line) of molecular 
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oxygen. The signal of the enzyme in a plain buffer has been recorded as a control 
measurement. 
 
Fig. 6.48. Response of 0.1 mg mL
-1
 laccase in 5mM poly o-PD deposited on Pt disc from 
0.1 M phosphate buffer, pH 6.0. CV signals in: pure 0.1 M phosphate buffer pH 6.0 
following a 30 mins nitrogen purge (black line); buffer containing 3 mM Q purged with 
nitrogen for 30 mins (red line) and buffer with 3 mM Q purged with oxygen for 20 mins 
(blue line). Scan rate of 10 mV s
-1
. Potential vs. Ag/AgCl (3M KCl). 
 
In order to investigate the stability of the generated laccase film, the electrode has 
been stored in the phosphate buffer (pH 6.0) at 4 ºC for 10 days and re-tested under the 
same principal working conditions (Fig. 6.49).  
The investigation of the electrochemical signal in the presence and absence of 
molecular oxygen confirmed that the increase and the characteristic shape of the produced 
current peak is attributed to the electroreduction of O2 only (Fig. 6.48 & Fig. 6.49). Cyclic 
voltammograms of a laccase/PoPD film stored at 4 ºC in the phosphate buffer at pH 6.0 
for 10 consecutive days, not only did not show any signs of biological deterioration but 
demonstrated a 30% increase in the maximum observed current prior to incubation (Fig. 
6.49), indicating excellent stability of generated membranes. Additionally, while the peak 
response suggested diffusion controlled process (Fig. 6.49), the plateau signal of laccase 
prior to storage is limited by the rate of the electrocatalytic reaction  [69]. This implies that 
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if the diffusion of oxygen was not the rate limiting factor, the current drawn from the 
reaction catalysed by laccase could possibly be even higher. 
 
Fig. 6.49. Signal of 0.1 mg mL
-1
 laccase in 5mM poly o-PD film deposited on Pt disc from 
0.1 M phosphate buffer pH 6.0, following 10 days of storage in the buffer. CV recorded in: 
plain 0.1 M phosphate buffer pH 6.0 purged with nitrogen for 40 mins (black line); buffer 
with 3 mM Q, 40 mins nitrogen purge (red line) and 40 mins oxygen purge (blue line). 
Scan rate of 10 mV s
-1
. Potential vs. Ag/AgCl (3 M KCl). 
 
The potential role of poly o-phenylenediamine, as the mediator for laccase, has 
been determined on Pt disc electrode in the presence of pure molecular oxygen, at pH 6.0. 
The signal of the laccase/PoPD layer in oxygen-free environment has been recorded as a 
control measurement (Fig. 6.50).  
The electrochemical investigation of the potential role of the PoPD matrix as a 
mediator for laccase, illustrated in Fig. 6.50, was in an excellent agreement with the results 
reported by Palys and Rogalski [69]. The 3-fold increase in the reductive current recorded 
in the presence of molecular O2 (40 mins exposure), visible in a Fig. 6.50 in a form of the 
characteristic peak shape, confirms electron transfer properties of the polymer matrix. As 
discussed in [69], the polymer could successfully act as the mediator for the laccase. 
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Fig. 6.50. Mediator-less response of 0.1 mg mL
-1
 laccase/poly o-PD film, deposited on Pt 
disc from 0.1 M phosphate buffer pH 6.0. CV recorded in: plain 0.1 M phosphate buffer 
pH 6.0 purged with nitrogen for 40 mins (black line); plain 0.1 M phosphate buffer pH 6.0 
purged with oxygen for 40 mins (red line). Scan rate of 10 mV s
-1
. Potential recorded vs. 
Ag/AgCl (3M KCl). 
 
The direct catalysis of the oxygen reduction and the electrochemical behaviour of 
PoPD matrix in laccase deficient polymer films have been also evaluated in both, oxygen 
saturated and deaerated buffer solution, as shown in Fig. 6.51. 
Investigation of the direct electrocatalysis of the oxygen reduction in the absence 
of the enzyme (Fig. 6.51) revealed a considerable difference in the PoPD response 
between the deaerated (black curve) and oxygen purged (red curve) phosphate buffer 
solutions. An approximately 14-fold increase in the recorded reductive current, with a 
potential onset at 0.45 V vs. Ag/AgCl (Fig. 6.51), indicates electrocatalytic activity of the 
poly (o-phenylenediamine) towards O2. As the potential wave of the laccase-free polymer 
is shifted by 0.1 V towards more positive values when compared to the enzyme 
functionalized films (Fig. 6.50), the electrochemical signals of the catalyst and PoPD alone 
can be readily distinguishable. Moreover, the location and the intensity of the maximum 
recorded currents for the laccase/PoPD and PoPD in oxygen saturated buffer also vary, 
with -15 µA at 0.05 V (Fig. 6.50) and -13 µA at -0.3 V (Fig. 6.51) accordingly. While 
PoPD alone can, in principle, catalyse the reduction of molecular oxygen, the theoretical 
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current output in the presence of laccase is expected to be twice as high, due to a four-
electron transfer carried out by the enzyme as opposed to a two-electron polymer process.  
 
Fig. 6.51. Direct catalysis of oxygen reduction by 5 mM PoPD film deposited on Pt disc 
from 0.1 M phosphate buffer pH 6.0. CV in plain 0.1 M phosphate buffer pH 6.0 purged 
with nitrogen for 40 mins (black line) and plain 0.1 M phosphate buffer pH 6.0 oxygenated 
for 40 mins (red line). Scan rate of 10 mV s
-1
. Potential recorded vs. Ag/AgCl (3 M KCl). 
 
Following a successful modification of commercial Pt disc electrode, laccase 
doped poly o-PD films have been reproduced on platinum in-house microfabricated on 
Zeonor platforms. Electrochemically assisted deposition has been carried out for design 3 
of the electrode layout from deaerated solution of laccase (0.1 mg mL
-1
) and o-PD 
monomer (5 mM), in the absence of Na2SO3, as shown in Fig. 6.52 b), after chemical 
cycling in 1 M H2SO4. Fig. 6.52 a) represents the CV response of Pt upon repetitive 
potential sweeping in sulphuric acid. The voltammogram demonstrates typical redox 
behaviour of the metal in H2SO4. The gradual decline in the oxidation peak in Fig. 6.52 b) 
is indicative of a successful condensation of the o-PD monomer and formation of the 
polymer layer on the electrode surface. 
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Fig. 6.52 a) Sulphuric acid clean of Pt disc electrodes, design 3; scan rate of 100 mV s
-1
; 
b) Electrodeposition of 0.1 mg mL
-1
 laccase in 5 mM poly o-PD for 10 consecutive cycles 
(20 sweeps) at -0.5 V and 0.9 V at 20 mV s
-1
 scan rate. Potential recorded vs. Ag/AgCl (3 
M KCl). 
As previously, the process has been facilitated by the use of a custom made holder 
designed explicitly to accommodate the Zeonor chip during chemical treatment and testing 
of modified electrode surfaces. The catalytic behaviour of laccase films has been evaluated 
in the phosphate buffer (pH 6.0) solutions supplemented with Q and molecular oxygen 
(Fig. 6.53). 
As depicted in Fig. 6.53, the presence of molecular oxygen, which is a natural 
substrate for laccase, resulted in an increase in the recorded reduction current, as compared 
with the control measurement in the N2 purged buffer. This suggests successful catalysis 
of the O2 reduction by the enzyme functionalized PoPD film in the presence of the 
mediator, Q. 
The influence of the presence of the mediator and the substrate for laccase, on the 
shape and magnitude of the electrochemical response has been also studied as shown in 
Fig. 6.54. 
a)                                                                                b) 
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Fig. 6.53. Response of 0.1 mg mL
-1
 laccase/PoPD (5mM) modified Pt, design 3 of the 
electrode layout in 3 mM Q 0.1 M phosphate buffer, pH 6.0, purged for 20 mins with 
nitrogen (black line) or oxygen (red line). Scan rate of 10 mV s
-1
. Potential recorded vs. 
Ag/AgCl (3 M KCl). 
Electrochemically assisted deposition of 0.1 mg mL
-1
 laccase/PoPD on Pt 
electrodes, design 3 of the Zeonor chip, resulted in an effective enzymatic reduction of O2 
as presented in Fig. 6.53 and Fig. 6.54. Following a 20 mins exposure to oxygen, a 67 % 
increase in the produced current (Fig. 6.53) has been recorded as compared with the signal 
in the oxygen-free buffer, with the potential onset for the reaction at 0.25 V being in 
agreement with the results obtained on the Pt disc. The nearly 10 fold rise in the current 
output has been attributed to a nearly 8-fold surface enhancement of the in-house 
fabricated on-chip electrodes. Extending the O2 purge to 40 mins resulted in a 4-fold 
increase in the maximum observed reduction current, as shown in Fig. 6.54, indicating 
much higher reaction turn over. Additionally, the investigation of the effect of the 
mediator and substrate on the enzymatic activity of laccase, confirmed that the catalysis is 
only observed in the presence of O2 and according to a mediated electron transfer 
mechanism (Fig. 6.54). The observed decline in the reduction peak can therefore be 
attributed solely to the activity of the enzyme. 
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Fig. 6.54. Cyclic voltammogram of 0.1 mg mL
-1
 laccase/ PoPD (5mM) modified Pt 
electrode, design 3, in 0.1 M phosphate buffer, pH 6.0. Signal recorded in plain buffer 
purged with nitrogen for 40 mins (black line); 3 mM Q buffered solution, deaerated (blue 
line) and oxygenated (blur line) for 40 mins. Scan rate of 10 mV s
-1
. Potential recorded vs. 
Ag/AgCl (3 M KCl). 
 
The OCP measurements of the bare Pt disc electrode have been recorded in the 
oxygenated phosphate buffer, pH 6.0, containing 3 mM HQ and in the oxygen-free plain 
buffered solution (pH 6.0). The immediate OCP readings, following a 30 mins purge with 
either O2 or N2 were 0.249 V and 0.623 V accordingly. Time-based potential 
measurements, recorded for a period of 600 s, indicated a highly stable OCP value in both 
case studies, closely comparable to the instant reading (Fig. 6.55). The Open Circuit 
Potential for the O2 and Q supplemented phosphate buffer, gradually reached a value of 
approximately 0.25 V, which when compared to 0.628 V obtained for deaerated plain 
medium, suggested facilitated electrode reactions due to improved mass and charge 
transfer properties of the buffered solution in the presence of the mediator and molecular 
oxygen. 
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Fig. 6.55.Open Circuit Potential of bare Pt disc electrode recorded in deaerated, 
mediator-free (black line) and oxygen purged (red line) 0.1 M phosphate buffer pH 6.0 
containing 3 mM HQ. Potential recorded vs. Ag/AgCl. 
 
The OCP of the Pt disc electrode modified with laccase (0.1 mg mL
-1
)/PoPD film 
has been studied in the oxygenated and oxygen-free 3 mM Q phosphate buffer pH 6.0. The 
immediate potential readings following a 30 mins purge with either N2 or O2 were - 0.258 
V and 0.258 V accordingly. Time-based potential measurements, recorded for a period of 
600s, indicated a relatively stable OCP value in the presence of oxygen, closely 
comparable to the instant reading (Fig. 6.56). The Open Circuit Potential for the deaerated 
buffer gradually stabilized in time to a value of approximately 0.085 V, indicating more 
favourable mass and transfer properties for 3 mM Q buffer solution in the absence of 
molecular oxygen.  
Open circuit potential measurements of bare Pt disc electrode indicate an 
improvement in the charge exchange rates at the electrode/solution interface, in the 
presence of molecular oxygen (30 mins purge) and the mediator, Q (Fig. 6.55). Since both 
species are natural substrates for the reactions occurring at the platinum, they facilitate a 
mutual transport of electrons to the metal surface, improving the e
-
 exchange rates. 
Conversely, the OCP measurements of laccase/PoPD modified Pt disc electrode in 
phosphate buffer (pH 6.0) containing 3 mM Q, demonstrated higher potential reading in 
the presence of molecular O2 (30 mins purge).  An increase in the OCP value indicated 
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lower mass and charge exchange rates at the electrode contained in an oxygen saturated 
solution (Fig. 6.56). Impeded mass and charge transfer properties of Pt modified half-cell 
corresponds to the presence of laccase doped polymer layer. Additionally, the limited 
enzyme concentration, results in a potential competitive effect of the mediator and O2 
species in their electron accepting properties from the active site of the catalyst. The 
transient behaviour of the OCP in the deaerated buffer solution (black line) has been 
attributed to the residual presence of O2, remained in the porous structure of the PoPD 
polymer, despite the N2 purge. 
 
Fig. 6.56. Open Circuit Potential of laccase/PoPD modified Pt disc electrode recorded in 
deaerated (black line) and oxygen purged (red line) 0.1 M phosphate buffer pH 6.0 
containing 3 mM Q. Potential recorded vs. Ag/AgCl. 
 
6.6. Enzymatic biofuel cell in static conditions. Preliminary studies. 
 
The applicability of the poly (o-phenylenediamine) encapsulation matrix has been 
examined in the construction of an enzymatic biofuel cell (EBF) utilizing GOX and 
laccase as the respective anodic and cathodic catalysts. The composition and operational 
principle of the cell were based on the design proposed and discussed in detail in Chapter 
III.  As described previously, the set-up consisted of Au (Ø 2 mm) and Pt disc (Ø 2 mm) 
electrodes immersed in respective buffered substrate solutions containing suitable 
mediator species. While the original strategy to enzyme confinement relied on a simple 
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drop-coating of buffered GOX and laccase solutions, the second generation of the in-house 
built EBFC employed the species electrochemically deposited within a PoPD matrix. It 
has been envisaged that the encapsulation of the enzymes within the polymer film should, 
in principle, improve the current and power densities drawn from the cell. The anolyte was 
composed of 50 mM glucose and 7 mM FCA dissolved in 0.1 M phosphate buffer pH 7.4, 
while the catholyte contained 3 mM Q in 0.1 M phosphate buffer pH 6.0 purged with O2 
for 30 mins.  The half-cells were separated by an appropriate insulating membrane, 
attached via biocompatible glue to the upper Eppendorf acting as the top cellular 
compartment. The graphical representation of the enzymatic reactions in the constructed 
biofuel cell is depicted in Fig. 6.57.  
 
Fig. 6.57. Schematic of the glucose/O2 biofuel cell utilizing GOX and laccase as the 
anodic and cathodic catalysts, accordingly. 
 
All solutions have been initially pre-warmed in the oven (40 ºC) prior to any 
investigation.The experiments were however carried out at 30 ºC. Electrochemical 
measurements have been carried out in a two-electrode configuration, where 
GOX/PoPD/Au was connected to the potentiostat as the counter and reference, while 
laccase/PoPD/Pt was used as the working electrode respectively. The current drawn from 
the cell has been measured amperometrically for a series of applied potentials, from which 
power output has been calculated and plotted as a function of V.  
 
 
 
 
 
335 
 
A) Enzymatic biofuel cell with an Al Anodisc membrane. 
 
The current density for the enzymatic biofuel cell, utilizing the Ø 0.2 µm Anodisc 
membrane as the separator of the anodic and cathodic reactions, has been recorded as a 
function of the applied potential and presented in Fig. 6.58. 
 
Fig. 6.58. Current density as a function of the potential (vs. Ag/AgCl) for the glucose/O2 
biofuel cell composed of GOX/PoPD/Au anode and laccase/PoPD/Pt cathode; immersed 
in 50 mM glucose, 7 mM FCA in 0.1 M phosphate buffer pH 7.4 and oxygen saturated (30 
mins), 3 mM Q in 0.1 M phosphate buffer pH 6.0 anolyte and catholyte solutions 
respectively. Half-cell separation was established by a Whatman Al Anodisc membrane. 
 
The observed decline in the current with increased potential values is consistent 
with the expected I vs. V profile for a fuel cell in operation. 
The dependency of the power density on the applied potential for the constructed 
glucose/oxygen biofuel cell is illustrated in Fig. 6.59. The maximum obtained power 
density of 0.123 µW cm-2 has been recorded when a potential of 0.4 V was applied to the 
cell. 
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Fig. 6.59. Dependency of the power density on the potential (vs. Ag/AgCl), measured for 
glucose and O2 biofuel cell composed of GOX/PoPD/Au anode and laccase/PoPD/Pt 
cathode; immersed in 50 mM glucose, 7 mM FCA in 0.1 M phosphate buffer pH 7.4 and 
oxygen saturated (30 mins), 3 mM Q in 0.1 M phosphate buffer pH 6.0 anolyte and 
catholyte solutions respectively. Half-cell separation was established by a Whatman Al 
Anodisc membrane. 
 
B) Biofuel cell with Nafion perfluorinated membrane. 
 
The dependency of the current density on the potential for the glucose/oxygen 
biofuel cell, when the half-cell separation was achieved by Nafion perfluorinated 
membrane, is depicted in Fig. 6.60. The cell was operating under identical working 
conditions as reported for Al Anodisc case study. 
As previously, an inversely proportional relationship between the current and 
applied potential has been demonstrated, a characteristic feature of the fuel cells response.  
The power density has been plotted as a function of the potential and is presented 
in Fig. 6.61.  
As formerly, the highest power has been observed when the cell was posed at a 
potential of 0.4 V. The power output for Nafion perfluorinated film was 0.105 µW cm-2. 
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Fig. 6.60. Current density vs. potential (vs. Ag/AgCl) for glucose and O2 biofuel cell 
composed of GOX/PoPD/Au anode and laccase/PoPD/Pt cathode; immersed in 50 mM 
glucose, 7 mM FCA in 0.1 M phosphate buffer pH 7.4 and oxygen saturated (30 mins), 3 
mM Q in 0.1 M phosphate buffer pH 6.0 anolyte and catholyte solutions respectively. 
Half-cell separation has been established by a Nafion perfluorinated membrane. 
 
Fig. 6.61. P vs. V (vs. Ag/AgCl) curve for glucose and O2 biofuel cell composed of 
GOX/PoPD/Au anode and laccase/PoPD/Pt cathode. The anolyte comprised of 50 mM 
glucose, 7 mM FCA in 0.1 M phosphate buffer pH 7.4 and oxygen saturated (30 mins), 3 
mM HQ in 0.1M phosphate buffer pH 6.0 catholyte solution were separated by 
commercial Nafion perfluorinated membrane. 
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Although the recorded P vs. V functions diverge from the typical parabolic 
behaviour for fuel cells, they enable the determination of the maximum power and 
optimum potential couple. The reason behind atypical response is most likely due to a 
limited stability of the bioelectrochemical system and the interfering effect of the 
background signal associated with the electronic equipment. The power densities obtained 
from the enzymatic biofuel cell, with both catalysts immobilized within the PoPD 
polymer, are approximately two times lower in comparison with the results obtained for 
the initial set-up, where GOX and laccase were physically adsorbed on the electrode 
surface (Chapter III). A plausible explanation to the lower performance of the cell could 
be an insufficient enzyme or mediator load. In this regards, it would be recommended to 
investigate the effect of higher catalyst concentrations and an increased amount of the fuel 
and, if possible, the oxidant. Impeded transport of the H
+
 through the Nafion and Al 
Anodisc membranes and the application of dissimilar mediator molecules, with less 
suitable redox potentials, are other potential reasons for decreased efficiency of the 
catalytic conversions. As discussed in Chapter III, the use of Nafion did not result in a 
substantial performance of the cell. While it would be recommended to perform the testing 
in the presence of previously characterized silicon based membranes, due to the high costs 
associated with their fabrication, more affordable, commercially available material 
alternatives had to be employed instead.  
 In principle, the power output from the device depends on the driving force for the 
reaction which is represented by the voltage measured between the oxidation and 
reduction processes occurring at each half-cell. These are very often determined by the 
formal potential of the employed mediators. In general, the more significant the potential 
difference at which the two redox reactions occur, the better the performance of the cell.  
Typically, one would like to work at the lowest possible anodic and the highest cathodic 
potentials in order to obtain the maximum [148]. Future investigation into optimum 
catalyst and mediator couples offering attractive electrodynamics should be considered. 
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6.7.  Conclusions. 
 
A) Sol-gel immobilization approach. 
 
Successful immobilization of DSDH, NAD
+
-GPS and DI in the silica sol-gel films 
has been reported on gold, via electrochemically assisted deposition from a hydrolyzed 
TEOS sol. The catalytic behavior of the enzyme and efficient electrical communication 
between the active components have been confirmed by effective electrooxidation of D-
Sorbitol in the presence of the mediator, FDM. The modified Au electrode displayed a 
steady response under repetitive cyclic voltammetry scans. Although direct oxidation of 
the substrate has been recently reported for DSDH  [132], the use of FDM as the mediator 
has been shown to have a significant positive effect on the enzymatic activity [114], 
resulting in much greater current outputs.  In the light of these findings, only mediated 
electron transfer of DSDH has been considered as the scope of this Ph.D. chapter. 
 Previous attempts to co-immobilize FDM within electrogenerated sol-gel film by 
Wang et al. [149], revealed no detectable catalysis, which has been atttributed to the 
limitations associated with mediator incorporation. The authors proposed that operational 
communication between the electrode and FDM could be established by a uniform 
distribution of the species through drop-coating of the solution on the electrode surface 
rather than by electrodeposition. 
Effective encapsulation of BOX, Os polymer and PEI in the silica sol-gel films has 
been reported on glassy carbon via simple casting of the hydrolysed sol suspension. The 
catalytic behavior of the enzyme and efficient electrical communication between the active 
components have been established upon mediated electroreduction of oxygen. The 
modified GCE electrode exhibited a continuous catalytic response under multiple CV 
scans. 
The electrochemically assisted deposition of DSDH and encapsulation via drop-
coating of BOX in silica sol-gels retained the biological activity of both enzymes and 
promoted efficient electrocatalysis in the presence of appropriate substrate and mediator 
molecules as well as polyelectrolytes. The proposed single step all-in-one immobilization 
protocol provides an effective way of stable entrapment of biological species. Once 
adjusted to individual properties of incorporated biomolecules, the sol-gel matrix can yield 
excellent enzymatic turnover. 
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B) Poly (o-phenylenediamine) encapsulation technique. 
 
The electrochemically assisted deposition of GOX, laccase and LOX in poly (o-
phenylenediamine) matrix retained the biological functions of the enzymes and promoted 
efficient electrocatalysis in the presence of appropriate substrate and mediator molecules. 
The electrogenerated films exhibited excellent stability upon long-term storage in the 
buffer solutions, with enhanced catalytic properties of the entrapped biomolecules 
following the storage. The polymer layer was able to sustain the activity of GOX during 
exposure to dry-air conditions for several hours and following rehydration in the buffer the 
enzyme demonstrated its natural functions for a number of days. Furthermore, it has been 
reported that the PoPD can act as a mediator for laccase and can also substitute the 
enzyme in effective catalysis of the two-electron reduction of oxygen. The demonstrated 
one-step universal immobilization protocol provides an effective way of stable entrapment 
of various biological species. As discussed previously, the encapsulation method is 
suitable for a wide range of oxidoreductase enzymes and can yield excellent enzymatic 
turnover even for residual enzyme quantities.  
The selective electrodeposition of catalysts on gold and platinum electrodes 
microfabricated as part of this Ph.D. work, supported by their confirmed biological 
activity in the PoPD matrix, offers a promising strategy in the development of catalytic 
systems operating in the environment of a flow channel. 
 
C) Comparison of the sol-gel and o-PD methods. 
 
Among the numerous procedures for enzyme encapsulation, many authors report 
the use of sol-gel [27, 29] and o-PD [69, 81] as successful encapsulation matrices for a 
variety of enzyme catalysts, hence the reasoning behind the particular choice of polymer 
materials. 
Biomolecules entrapped within sol-gels are contained within cage-shaped silica 
structures and exposed to little or no interactions with the matrix. As the hydration state of 
the gel is primarily controlled by the aging and drying conditions, the amount of water 
within the silica pores is typically sufficient to maintain the supportive layer of H2O in the 
protein solvation shell. Nevertheless it is possible that the shrinkage of the gel on the 
341 
 
maturation step can introduce film deterioration and negatively affect the catalyst. 
Although the sol-gel process in principle does not involve the use of harsh and hazardous 
agents, the acid or base required for the hydrolysis of the starting sol, can potentially 
denature biomolecules. Furthermore, the alcohol released upon hydrolysis of the alkoxide, 
if not removed prior to the polymerization, can have a negative impact on the enzyme 
activity. Some authors report the substitution of TEOS with TMOS as methanol released 
in the silicate hydrolysis is less harmful for the catalysts than ethanol. A key challenge 
with the sol-gel protocol is however the necessity to adjust the composition of the 
deposition solution and the exact parameters of the process, in order to meet the individual 
requirements of incorporated species. As the nature and properties vary greatly between 
seemingly congenial catalysts, it is not feasible to obtain an all-purpose sol-gel 
encapsulation procedure. Re-adjustment of the electrodeposition conditions can be a 
particularly challenging task for more complex systems requiring cofactors and additional 
molecules mediating their regeneration, a good example being the discussed DSDH/sol-
gel films. 
O-phenylenediamine exhibits all the properties of a desirable encapsulation matrix 
and unlike sol-gel it can be successfully employed in the confinement of a variety of 
different oxidoreductase enzymes without the preconditioning requisite.  
Encapsulation of enzymes in poly (o-phenylenediamine) presents an elegant and simple 
approach to catalyst immobilization, which does not require or produce any potentially 
harmful chemicals. The insulating character of the PoPD self-limits the electrodeposition 
process, producing thin polymer composites with high catalyst load, facilitating efficient 
exchange of species at the membrane/solution interface and effective catalysis. Moreover 
the PoPD polymer imparts remarkable permselectivity to the reaction substrates, while 
excluding any co-existing electroactive interferences (e.g. ascorbate, acetaminophen) and 
proteins naturally present in physiological samples [62, 150]. Despite the peculiar 
discriminating nature of poly (o-phenylenediamine), the response time and very good 
sensitivity are not compromised and as such the material can be successfully applied in the 
development of enzyme modified electrodes. In addition, generated PoPD films exhibit 
excellent stability when stored in buffer solutions and provide a long-term support for the 
incorporated biological species, offering a versatile and powerful strategy in the 
fabrication of catalytic systems with a view to biofuel cell applications. 
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D) Challenges associated with enzyme immobilization. 
 
Due to the fragile nature of enzyme catalysts, the encapsulation of biomolecules 
poses a number of challenges. While, in principle, the immobilization significantly 
extends the life-span of species, prolonging the operability of the corresponding 
biofunctionalized component, the vitality of the molecules depends greatly on the choice 
of the host matrix and encapsulation method. Retained catalytic activity and long-term 
stability of catalysts, efficient electrical contact with the underlying electrode due to 
correct spatial arrangement of the molecule and enzyme’s active centre easily accessible to 
the substrate are only some of the essential factors affecting the overall performance of the 
immobilized enzyme. A number of organic and synthetic materials along with various 
encapsulation techniques have been established and employed throughout the years in 
order to confine the molecules within the electrode area. In an ideal scenario, the majority 
of biological species or at least those of similar biotic functions and structures would be 
confineable via a small number of rapid one-step immobilization procedures. 
Unfortunately, this is not the case in real life applications as most organic catalysts require 
slightly different conditions and the procedure needs to be adjusted to their individual 
properties. Furthermore, each protocol must be specific to a particular research 
application, whether it is a low-detection limit biosensor or power sources with a fast 
diffusion of reaction reagents and a rapid, continuous catalytic response. For instance, 
enzymatic biofuel cells which are the scope of this PhD thesis typically require a balance 
between the amount of incorporated catalyst and the thickness of the catalytic layer. 
Whereas higher concentrations of the active component, in principle, improve the 
substrate turn-over, thick impermeable coatings of the enzymatic support may prevent 
efficient exchange of the reaction reagents. Furthermore, in some instances, elevated 
enzyme concentrations result in oversaturation and undesirable interactions between 
individual biological particles.  
While precise control of the thickness and the location of the enzymatic system are 
nowadays facilitated by the electrochemically-assisted deposition route, not all catalysts 
can undergo the electrodeposition process. Since the electrochemically induced generation 
of enzyme/polymer composites enables efficient coating of electroactive surfaces with 
complex geometry, the inapplicability of this technique to certain species impedes the 
deposition on non-planar electrodes, restricting the number of potential applications. 
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Another essential factor is the homogeneity of generated films, which although is 
accurately controlled in electrolytic approach, cannot be regulated by simple casting and 
immersing techniques. 
The two main challenges encountered while conducting the work as part of this 
experimental chapter were the stability of the produced enzyme doped films (sol-gel) and 
the inability to effectively co-encapsulate the mediator molecules. Rapid deterioration of 
the enzymatic activity, although not experienced here, can be also induced on the 
immobilization step by small alterations in the pH or addition of necessary denaturing 
chemicals. While these may be required for the matrix formation, they might lead to an 
undesired catalyst deactivation thus need also to be carefully considered.   
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CHAPTER VII 
CONCLUSIONS AND FUTURE WORK  
 
The original intent of this Ph.D. work was to develop a state-of-the-art, 
commercially viable, microfluidic enzymatic biofuel cell which could operate on 
environmental and physiological fluids. The intended devices were cost-effective, robust 
and highly reproducible electrochemical systems for effective extraction of electrical 
energy from the organic resources abundant in waste water. Ideally, the basic cell design 
would be adaptable to different fuels by changing the catalytic reagents with potential 
prospects in biomedical applications and as nature deployed energy harvesting devices.  
In the course of the theoretical and experimental studies, it became apparent that 
this is no easy task. In order to establish such a device, a detailed analysis of each 
individual subcomponent of the cell must be carried out. The integration of biological 
activity with microfabrication technology requires an extensive analysis of the available 
fabrication techniques, the compatible micro-scale device design components and 
applicable enzyme incorporation strategies. Overall, this project presents a comprehensive 
and challenging research task. In this light, the focus of this thesis has been on component 
level investigations on the way toward a final assembled device.  
The work flow of such a process is comprised of three essential aspects: theoretical 
studies of the microfluidic environment and catalytic reaction; fabrication of the cell 
components using cutting edge microfabrication technologies and a characterisation of the 
enzyme chemistry and component responses.  
The results of this work are broken into four main sections: the feasibility of the 
biofuel cell concept in a small-scale format (Chapter III); design and optimization studies 
(Chapter IV); device fabrication, electrochemical characterization and modification of 
patterned electrodes (Chapter V) as well as enzyme immobilization (Chapter VI). 
The viability of a small scale enzymatic biofuel cell was examined using a simple 
custom-made set-up composed of commercial Au and Pt disc electrodes and operating in 
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static conditions at room temperature, Chapter III. The design incorporated two enzyme 
catalysts: glucose oxidase and laccase so that glucose and oxygen could be used as the 
respective substrates. Successful conversion of the fuel and oxidant was investigated in the 
presence of mediator species with a silicon dioxide or nitride membrane separating the 
anodic and cathodic reactions. The electrochemical studies indicated increased electrical 
output in the presence of biological catalysts. The cell produced the maximum current and 
power densities of 1.97 μA cm−2 and 0.197 µW cm-2, recorded at 0.1 V, a value greater 
than some existing biofuel cell solutions [1]. While the initial prototype relied on a simple 
enzyme adsorption technique and the use of various silicon based membranes, in order to 
separate the anolyte and catholyte reactions, the fundamental concept of an energy 
harvesting device powered by biological catalysts has been successfully validated. The 
knowledge gained here was leveraged in the development of micro-scale devices. 
The microfluidic approach to the biofuel cell design has been driven by an 
envisioned reduction of the device complexity, associated production and operating costs 
and an efficiently performing cell. In order to develop a functional catalytic microsystem, 
detailed studies of the flow on a micro scale including the properties of the enzymatic 
reaction needed to be carried out. These studies are discussed in Chapter IV and result in 
recommended device design and working conditions and offer a starting point for 
experimental work. The numerical studies examined the effects of the channel geometry 
and flow velocity on the mass transport of fuels. While, the majority of contemporary 
biofuel cell solutions report the use of a single macro-electrode design, this work focused 
on spatially distributed electrodes. Further work looked at the reaction kinetics occurring 
within a polymer membrane on top of these electrodes. Concentration profiles for an 
isolated and diffusion controlled system indicate gradients across the membrane dependent 
on the system parameters. 
Additional studies on the rate constants, the thickness of the membrane and the initial 
concentration of the substrate contribute to the design rules for the cells. Computed cyclic 
voltammograms which incorporate the cell potential through the Nernst equation at the 
electrode boundary condition reproduced redox processes controlled by enzyme kinetics. 
One output of this thesis is a mathematical framework within which a range of biological 
species could be investigated provided catalytic rates for these species are known.  
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The fabrication and characterisation of components for the microfluidic enzymatic 
biofuel cells was discussed in Chapter V. The channel and electrode components have 
been obtained from common polymers, Zeonor (COC) and PDMS. The motivation behind 
the material choice was a selection of cost-effective, environmentally friendly, chemically 
inert and disposable plastic substrates. The original design plan used Zeonor for both 
structural parts of the device, namely the bottom electrode and the top channel, which 
would be then permanently attached to form a water tight seal using a combined chemical 
and mechanical assembly step. Due to a number of challenges associated with the 
patterning of the channel in COC and its subsequent attachment to the metal electrode 
unit, the final fabrication scheme employed Au and Pt electrodes deposited on Zeonor and 
a PDMS based channel.  
Fabrication of the cell components has been carried out in separate processing 
steps involving the use of the state-of-the-art microfabrication techniques available at the 
facilities of the Tyndall National Institute, University College Cork, Ireland. Five channel 
and four electrode layouts with various numbers and dimensions of the patterned features 
were created. In the course of the fabrication work, a number of issues arose at both the 
components and the integration stages. Whereas the former was with the small feature size 
(µm range), the task of realizing a complete device with long-lasting operability in 
aqueous media requires a high level of process control which is resource intensive. While 
various accessible chemical and physical bonding approaches have been investigated, the 
assembly via oxygen plasma activated prime coat adhesive produced the most promising 
results in terms of the stability and sustainability of the generated seal under the flowing 
conditions. The techniques employed in the development of the individual physical 
components of the device as well as the work on the cell integration offer good 
groundwork for prospective large-scale, commercial fuel cell platforms.  
The electrochemical characterization of microfabricated electrodes and a 
recommended method for modification of gold surfaces have also been presented in 
Chapter V. The investigation of the deposited metals confirmed the electroactive character 
of Au anodes and Pt cathodes. Cyclic voltammetry measurements of microelectrode 
designs 1 and 2 revealed a sigmoidal shape of the electrochemical response indicative of a 
radial influx of species and affected by the electrode kinetic limitations. Conversely, the 
studies of macroelectrode designs 3 and 4, displayed a peak shape behaviour suggesting a 
diffusion controlled process.  This suggests current limitations, due to the concentration 
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gradient and the redox reaction being governed by species diffusion rather than limited 
kinetics of the electron transfer. In this case, it was reasonable to assume that layout 1 and 
2 of the microelectrodes, due to high mass transport of species, are suitable for diluted 
fuels, while geometries 3 and 4 characterized by slower rate of species replenishment can 
be applied for high concentrations of analytes.  
Additionally, modification of gold anodes with Nanoporous Gold (NPG) 
structures, in order to increase the electrochemically active area of the metal and to 
introduce surface porosity enabling improved catalyst immobilization is discussed. 
Scanning Electron Microscopy analysis of electrochemically deposited nanoporous gold 
features, confirmed the presence of a 200 nm layer of high density nanostructures. Cyclic 
voltammetry measurements of modified Au in 0.1M H2SO4 indicated enhanced current 
output consistent with an up to 14-fold increase in the active surface area as compared to 
bare gold. The catalytic response of glucose oxidase drop-coated on the NPG gold 
electrode retained biological activity of the catalyst and showed a 76% increase in output 
current at the oxidation peak potential in the presence of glucose, as compared to bare Au. 
Since static solutions often suffer from diffusion-limitations and uncompensated resistance 
of the supporting electrolyte, it is expected that conducting the experiments in flowing 
conditions should further enhance the response of NPG modified electrodes to 
electroactive species in the solution due to an improved access of the latter to the openings 
of the pores. 
Enzyme immobilization is an important requirement for biofuel cells and is the 
focus of Chapter VI. While a variety of applicable techniques have been reported in the 
literature, only strategies enabling precise confinement of catalysts at the electrode surface 
have been considered within the scope of this work. Sol-gel (TEOS) and o-
phenylenediamine (o-PD) have been selected as host matrices for encapsulation of a 
number of enzymes as both methods rely on an electrochemically assisted deposition of 
given biological species from the bulk solution containing an electroactive monomer. 
Application of a suitable potential to a working electrode immersed in an aqueous solution 
of TEOS or o-PD triggers the electropolymerization of the starting material at the surface 
of working electrode and subsequent incorporation of the available enzyme molecules. 
The studies on electrogenerated and drop-coated sol-gel films focused on the use of D-
sorbitol dehydrogenase and bilirubin oxidase as respective anodic and cathodic catalysts. 
The deposits exhibited excellent electrochemical response to the substrate in the presence 
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of respective mediator species, however laborious optimization of the system components 
and the application of cationic additives were necessary to maintain the catalytic activity 
of DSDH and BOX. Further work was therefore carried out using                                                                                                                                                                                                                                
o-phenylenediamine (o-PD) which exhibits properties desirable for an encapsulation 
matrix but unlike sol-gel can be successfully employed in the confinement of a range of 
oxidoreductase enzymes without the need for prior preconditioning. In this work, poly-o-
phenylenediamine generated coatings have been used for efficient encapsulation of 
glucose oxidase, laccase and lactate oxidase. Following the initial successful 
immobilization of the species on commercial disc electrodes, the method has been applied 
in the modification of gold and platinum microfabricated on-chip electrodes. In both cases, 
the encapsulation approach resulted in a significant increase in the generated current 
response in the presence of respective substrate and mediator molecules. High stability of 
generated poly o-PD films, retained functionality of encapsulated biomolecules and 
selective discrimination of interfering agents enable successful implementation of the 
polymer in the preparation of enzyme electrodes paving the way for future device 
developments. 
There are multiple avenues of investigation which could be explored to continue 
this work. For instance, the mathematical framework could be extended to use potential 
dependent rate coefficients and the boundary conditions for the computational fluid 
dynamics simulations could incorporate those of the enzyme kinetics. Simultaneous 
analysis of the anodic and cathodic dynamics should also be considered. Modelling of the 
time-dependent performance of the biofuel cell under flowing conditions for a time 
varying potential could be done. Feedback from experimental data could refine the model. 
Challenges related to the assembly of the microfluidic platforms remain. An 
alternative approach to a permanent seal between the channel and the electrode units needs 
to be developed. Ideally, the bonding technique should be automated in a way to provide 
reproducible and highly precise alignment of the physical components. One approach 
would be to form the channel and the electrode features on a single substrate to eliminate 
the need for alignment and bonding altogether. Using micromachining technologies should 
surpass the hot-embossing techniques in terms of quality and reproducibility of obtained 
structures and be more large-scale production friendly. Furthermore, easily 
manufacturable silicon alternatives with enhanced durability should be considered as 
materials for the fabrication of stamps. Designs of the microfluidic devices using multiple 
inlet and outlet points for enhanced fuel and oxidant utilization would also be within scope 
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of future work as would parallel process and stacking of several biofuel cell units to 
increase fuel turnover and improve overall efficiencies. Fabrication processing developed 
as part of this thesis could be employed in a generation of on-chip catalytic systems 
containing numerous distinct electrode/channel features for simultaneous entry and 
consumption of diverse biological species. These multipurpose platforms could also seed 
the development of versatile tools for biosensing purposes. While the NPG structures, 
discussed in Chapter V, offer significant increase in the active area of the gold electrodes 
due to their highly porous character, in order to benefit from the enhanced metal surface, 
experimental characterisation should be carried out in flowing conditions where there 
would be improved mass transport of species into the pores. Immobilization of various 
enzyme catalysts on the NPG structures should also be investigated. Challenges associated 
with the fouling of active catalytic surfaces and the loss of enzymatic activities could be 
resolved by incorporating other highly catalytic electrode materials. 
Investigation of the viability of poly o-PD as the host matrix for the encapsulation 
of diverse oxioreductase enzymes for prospective use with alternative organic fuels would 
also be worthwhile. The open circuit potential of the cell, determined by the potential 
separation of the anodic and cathodic processes, is the driving force for the enzymatic 
reaction and since one would like to work at the lowest anode potential in order to obtain 
the highest cell voltage, the use of NAD
+
-dependent catalysts is highly desirable [8]. The 
combination of NAD
+
-dependent alcohol dehydrogenase coupled with poly-methylene 
green (poly-MG) and laccase as anodic and cathodic enzymes provided a theoretical 
maximum cell voltage of 0.63V, and indicated a minimum loss of enzymatic activity [8]. 
The work on enzymatic biofuel cells operating in a microfluidic setting originated in this 
thesis should greatly benefit from the application of the suggested catalyst couple. High 
energy density substrates, such as glycerol or ethanol should be considered as fuels for the 
enzymatic reactions in order to meet the large energy demand of certain applications (e.g. 
micro-electronics).  
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APPENDIX A 
METHODS OF ELECTROCHEMICAL 
CHARACTERIZATION 
 
   
The following supplementary information encompasses a concise description of the 
fundamental concepts of electrochemistry and provides a brief discussion on the 
experimental techniques employed in this Ph.D. work. 
 
 
A.1 Principles of electrochemistry. 
 
The field of electrochemistry emerged in the first half of the XIX century from 
chemistry and the science of electricity. Nowadays, electrochemistry is a rigorous research 
area investigating the quantitative relations between the chemical, electrical and surface 
properties of various systems, with a strong consideration of diverse biological processes 
[1]. 
Electrochemical methods study the production of current generated as a result of 
chemical reactions at the electrode/solution interface or the chemical processess instigated 
by the application of external electrical energy [2]. Several types of electrochemical 
reactions exist including: simple electron transfer, electron transfer coupled with a 
chemical reaction, formation of an oxide layer, metal deposition or gas evolution [3] 
however only the two former were of interest in this work. 
 
A) Electrochemical cells. 
 
The principle of electrochemical systems relies on the transport of charge between 
the electrode (an electronic conductor) and the electrolyte (an ionic conductor) as a result 
of unprompted or enforced redox reactions occurring in the electrochemical cells. While 
the charge transfer in the electrode is facilitated by the movement of electrons, the carriers 
of electrical energy in the electrolyte are ionic species (e.g. H
+
, Na
+
, Cl
-
) present in liquid 
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(aqueous or organic) solutions [2]. Electrode materials typically employed in the 
electrochemical measurements include solid (e.g. Au, Pt, glassy carbon) or liquid (e.g. Hg, 
Gal, In) metals, carbon (e.g. graphite, graphene, carbon nanostructures) or semiconductors. 
  Electrochemical cells can be divided into electrolytic and galvanic [2, 4]. The 
principal difference between these two electrical systems is that in the latter the reactions 
at the electrodes happen spontaneously once the electrodes are connected to an external 
conductor. Galvanic devices include bio- and fuel cells and commercially available 
primary (non-rechargeable) and secondary (rechargeable) cells and hence are of particular 
interest in this Ph.D. work. In the electrolytic cells, on the other hand, the electrochemical 
conversion is promoted only if a voltage greater than the reversible potential of the cell is 
applied (Fig. A.1). Electrolytic devices are routinely employed where the energy 
consumption is the requirement such as in electrolytic synthesis, electroplating or 
electrorefining [2].  
 
 
Fig. A.1. Schematic of galvanic (a) and electrolytic (b) cells. Adapted from [2]. 
 
B) Electrochemical reactions. 
 
In principle, the application of a negative potential to the electrode yields an 
increased energy of electrons at the vicinity of the electrode/bulk interface.  Once the 
energetic levels are satisfied, a transfer of e
-
 to the lowest unoccupied molecular orbital 
(LUMO) of species involved occurs, producing a so called reducing current, flowing 
outwards from the electrode. By convention, the reduction current associated with the 
cathodic processes, is considered to be negative. Correspondingly, positive potential 
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values lead to the electron transfer from the highest occupied molecular orbital (HOMO) 
of reactive species present at the electrode/solution boundary producing an oxidative 
current [1, 2], which by definition is a positive quantity [5]. A schematic of the electronic 
transitions during electrochemical processess occurring is illustrated in Fig. A.2. 
 
 
Fig. A.2. Diagram of the direction of the electron transfer during reduction (a) and 
oxidation (b) of species at the electrode/bulk interface. LUMO and HOMO represent the 
respective lowest unoccupied and the highest occupied molecular orbitals of the species 
involved in the reactions. 
 
In principle, in an electrolytic cell, the reducing (cathodic) current is associated 
with the electrochemical reactions taking place on the negative cathode, while the 
oxidative (anodic) current is generated on a positive anode. In galvanic cells however, 
where the redox processes occur spontaneously, the cathode is positive with respect to the 
anode. 
 
C) Faradaic and non-faradaic processes. 
 
The redox reactions occurring in classical electrochemical cells can be categorized 
based on the type of processes involved, into faradaic and non - faradaic. The former, 
involve electron transfer at the electrode/solution interface and obey Faraday’s law 
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(Eq.A.1) which defines a direct relationship between the charge passed through the cell 
and the number of moles of species involved in the reaction.  
                                                                                                                                       
 
Here,   is the charge in Coulombs (C),   and    represent the respective numbers of 
exchanged electrons and moles of the redox species (mol) involved in the reaction and F is 
a Faraday constant (F = 96485 C).  
Electrodes at which faradaic processes occur are often called charge-transfer electrodes. 
Non-faradaic electrochemical reactions include adsorption and desorption effects 
and need to be accounted for when investigating the faradaic processes. In this case, the 
electrode/bulk boundary acts as a capacitor (electrical element composed of two metal 
plates facing each other, [2]), which stores the charge upon the application of a suitable 
potential with accordance to Eq.A.2. 
 
 
                                                                    
 
Where,   is the charge accumulated in the capacitor (in Coulombs, C),  E is the potential 
across the capacitor in volts (V) and C stands for the capacitance in Farads (F).  
As a result of the interface charging, a charging current flows in the system. 
 
D) The electrical double layer effect. 
 
When a potential is applied to the working electrode, the net interactions between 
the electrode surface and the species in the solution result in the formation of an electrical 
double layer [4, 6, 7], which is characterized by a double layer capacitance [2]. The 
electrical models, routinely adopted for the double layer rely on the existence of multiple 
stratums, with the inner layer, closest to the electrode, containing solvent molecules and 
specifically adsorbed species.  
In a simple classical Helmholtz double layer model, two layers of opposite charge 
separated by atomic distance, form at the electrode/solution boundary (Fig. A.3a). The 
diffusive layer, introduced later by Gouy and Chapman considered a more complex 
approach by incorporating a continuous distribution of the electrolyte ions (cations and 
anions) in the bulk solution, driven by thermal motion (Fig. A.3b). Due to very high 
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capacitance arising from the latter, Stern proposed a combined effect of Helmholtz and 
Gouy-Chapman models to explicitly recognize two regions of ion distribution, the inner 
layer known currently as compact or Stern and the outer diffusive layer (Fig. A.3c). The 
former contains often highly hydrated ions, which are strongly adsorbed at electrode 
surface, generating a compact coating. Furthermore, the Stern layer also consists of 
specifically adsorbed ions (mostly anions) and non-specifically adsorbed solvated counter-
ions [8].  As the ionic composition of Stern layer varies with the distance from the 
electrode, the inner and outer Helmholtz planes are typically used in order to distinguish 
between the closest specific (IHP) and solvated non-specific ionic interactions (OHP). 
 
 
Fig. A.3. Models of the electrical double layer formed at the positively charged electrode 
surface: a) the Helmholtz model, b) the Gouy-Chapman model, and c) the Stern model 
with indicated IHP and OHP plane, where the diffuse layer begins. Here, d is the double 
layer distance described by the Helmholtz model, φ0 and φ represent the potentials at the 
electrode and the electrode/bulk interface, respectively [8]. 
 
The thickness and composition of the double-layer depends strongly on the total 
ionic concentration in the solution. While in general, the charging current generated by the 
double-layer is negligible with respect to the faradaic current; at low quantities of 
electroactive species it may interfere with the measurement of faradaic processes, essential 
for the study of fast electrochemical or chemical reactions [9]. 
 
a)                          b)          c) 
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E) Mass transport in electrolytes. 
 
Mass transport considerations are essential for reversible or nernstian electrode 
reactions as they obey the thermodynamic relationships and rely on the movement of 
species in the electrochemical systems [2]. Provided fast kinetics of the heterogeneous 
charge transfer and reversible, homogenous chemical reactions, one can assume the 
electrochemical processess occurring in the system to be at equilibrium and the 
concentrations of the species at the electrode surface to be dependent on the applied 
potential and dominated by the Nernst law. As a result, the rate of the electrode reaction, 
 , is governed by     , reliant on the mass transport of species to the reaction zone (Eq. 
A.3). 
                                                                      
 
   
                                                      
 
Mass transfer of species, responsible for the material balance in the 
electrochemical systems, is defined as an organised movement of matter induced by ion 
migration, diffusion or convection. Although each has a different origin (gradients: of 
electrical potential, concentration or pressure), mixed transport mechanisms are quite 
common in electrochemical systems [9]. 
 
Diffusion - In multicomponent systems, such as solutions, diffusion is promoted by 
concentration gradients, when at least one of the components (ionic or neutral solute) is 
not uniformly distributed. The diffusional flux is always consistent with the direction of 
the decreasing concentrations (from high to low) and the rate at which the mass transfer 
occurs is directly proportional to the slope of the concentration differential [4, 7], as 
described in Fick’s First Law (Eq. A.4) 
                                                      
       
  
                                    
      
Here,    denotes the flux in mol cm-2 s-1 and it corresponds to the number of moles of a 
component passing through a unit area in a unit time;   denotes the proportionality factor, 
known as the diffusion coefficient (cm
2
 s
-1
) and  
       
  
 represents the local concentration 
gradient in an isolated point in space, x. Although the values for diffusion coefficient are 
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typically within a range 10
-6
-10
-5
 cm
2
 s
-1
,    is dependent on the temperature and varies 
with the size of the molecule, with bigger components having slower proportionality 
factor. While Eq. is valid for diluted species, it is not obeyed in highly concentrated 
solutions, where the relationship between the flux and the concentration gradient is no 
longer represented by the proportionality constant (  varies with the concentration). In 
this case, as the diffusion process balances the chemical potentials, the formula for the flux 
can be represented using thermodynamic activities rather than the concentrations of the 
species [1] as shown in Eq. A.5. 
          
       
  
               
 
Where  
       
  
  denotes the gradient of the thermodynamic activities. Even in the modified 
form, the equation however still does not accurately represent the experimental behaviour 
of the solution. 
 
Migration is a transport mechanism of ionic particles when a potential is applied to 
the electrode. As a result a gradient of the electrical potential is being formed at the 
interface with the solution, driving the movement of the charged molecules accordingly to 
the electrostatic force (e.g. repulsion of cations and attraction of anions) [7]. 
 
Convection - While the mass transfer mechanism in diffusion and ionic migration 
relies on an active movement of suspended matter through the solvent, the solute in the 
convection is carried by the solvent, moving as a whole upon the influence of a pressure 
gradient [9]. Convection can be categorised as natural or forced. The former, results from 
a density gradient in the solution, caused by e.g. localised thermal variations, and induces 
the flow of matter towards less dense regions. Since the natural convection is usually 
undesirable and irreproducible, the electrochemical experiments are typically designed in 
order to minimize their effects. Forced convection, on the contrary, is instigated by a 
deliberate action of mechanical stirring or agitation of the solution by e.g. bubbling gasses, 
rotating disk electrodes and may be characterized by stagnant regions and laminar or 
turbulent regimes [2]. 
In general, convection is a more efficient mass transfer process than diffusion or 
migration and when forced, leads to a rapid and an almost complete homogenization of the 
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solution [9]. In this light, it is often designed as part of the experimental set-up, to govern 
the mass transport of species in the electrochemical systems. Certain electroanalytical 
techniques, such as hydrodynamic voltammetry, are based on controlled convective flux to 
the working electrode [10]. 
Considering the aforementioned mechanisms, the net rate of the mass transfer for a 
one-dimensional case (along x-axis, towards the electrode surface), can be described by 
the Nernst-Planck formula (Eq. A.6), where the individual terms represents contributions 
of diffusion, migration and convection [2]. 
 
                                
      
  
 
   
  
    
     
  
                                      
 
          diffusion  +  migration  +  convection 
 
Here,        represents the flux of species i (mol sec
-1
 cm
-2
) at a distance x from the 
electrode surface,    is the diffusion coefficient (cm
2
 sec
-1
), 
      
  
 stands for the 
concentration gradient at a distance x,    and     (mol cm
-3
) are the respective charge and 
concentration of species i, F, R and T are Faraday constant (96485 C), the real gas constant 
(8.314 J K
-1
 mol
-1
) and the temperature (K) accordingly, 
     
  
 represents the potential 
gradient at x and      is the velocity (cm s-1) at which a particle moves towards the 
electrode (along x-axis). 
Since the equation for the flux becomes intricate when all three mechanisms 
contribute concurrently, the electrochemical systems are often simplified in order to 
neglect one or more of the mass transfer contributions. As such, in the presence of a strong 
electrolyte and in still, unstirred solutions, the diffusional effects dominate the system and 
both migration and convection can be neglected.  
 
A.2. Electrochemical techniques. 
 
Electrochemical detection is typically categorized depending on the physical 
parameter being measured, into current, potential and impedance based methods. 
The majority of detection and catalytic studies employ electrochemical techniques 
as the reactions under investigation can be effectively monitored by measurable currents 
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(amperometry), potential (potentiometry) or charge accumulation (chronocoulometry) or 
variations in the conductive properties of the medium between the electrodes 
(conductometry) [11]. As the oxidation and reduction potentials are characteristic to the 
individual species, the electrochemical approach provides additional means of selectivity 
in the analysis. Since the experimental methods applied as part of this Ph.D. work focused 
primarily on temporal current and potentiometric measurements, conductometry and 
impedance will not be discussed.  
 
A) Amperometric and voltammetric measurements. 
 
Amperometric and voltammetric studies rely on the measurement of the current 
generated as a result of a potential being applied to the working electrode (or an indicator) 
versus the reference electrode [12]. The current, produced by electrolytic oxidation or 
reduction processess occurring at the electrode/solution interface, is dependent on the rate 
of the mass transfer of species to the working electrode [12].  
In principle, if the current is measured during controlled variations of the potential 
(scanning the potential over a set range) the method is referred to as voltammetry. The 
current response in voltammetric techniques is proportional to the concentration of the 
redox species and is typically represented by a peak or a plateau. Voltammetry includes a 
number of methods with a wide dynamic range such as linear sweep voltammetry, 
hydrodynamic voltammetry, differential pulse voltammetry, square wave voltammetry, 
polarography, stripping voltammetry and the most frequently employed, cyclic 
voltammetry [11].  
In contrast, in amperometry, the current generated as a result of electrochemical 
redox reactions is recorded in time, while a constant potential is maintained at the working 
electrode with respect to the reference [13]. Unlike voltammetry, in this technique the 
potential is directly stepped to or held at the desired value during the current measurement. 
The amount of electrical energy drawn from the sample is however also proportional to 
the concentration of electroactive species. One of the prime advantages of a fixed potential 
employed in the amperometric techniques is the negligible charging current, which is 
typically required to apply a potential to a system. This in turn reduces the background 
signal, which has a negative impact on the performance of the electrochemical detection. 
Furthermore, the hydrodynamic amperometric methods in the presence of e.g. rotating 
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working electrode or in flowing conditions [14, 15] can significantly improve mass 
transport of particles to the electrode surface. 
Amperometric and voltammetric techniques are typically carried out in a two- or 
three-electrode configuration, with gold, platinum and carbon based materials as the 
working electrode and in the presence of a reference, which if the currents are low (10
-9  
- 
10
-6
 A) can also act as the auxiliary. The current drawn from the sample is proportional to 
the rate of the mass transfer and the bulk concentration of species [11]. 
 
1. Cyclic voltammetry (CV). 
 
Cyclic voltammetry (CV) is an analytical technique widely employed to study the 
behavior of electrochemical systems and can be used to obtain useful information on the 
kinetics of the electrode reactions and the degree of their reversibility. The CV method is 
carried out by applying a variable triangular potential waveform (Fig. A.4) to a working 
electrode and measuring the current in response to the applied voltage.  
 
 
 
Fig. A.4.The triangular potential waveform applied to the working electrode in a cyclic 
voltammetry measurement. 
 
 
As depicted in Fig. A.4, the potential of the electrode is swept between two chosen 
E limits at a constant rate, known as a scan rate. The potential of the working electrode 
begins originally with E1 and is swept in a linear manner to a vertex potential of E2 in a so 
called forward scan. At this point, the direction of the scan is reversed and the electrode 
returns back to E1, which is the final potential for most CV measurements. This process 
generates a cyclic effect and is typically repeated multiple times, depending on the number 
Time (s) 
Forward Reverse 
E2 
E1 
Potential (V) 
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of sweeps. The generated I vs. E relationship is commonly known as a ‘cyclic 
voltammogram’. 
 
In a simple reversible one-component (R) redox reaction, illustrated in Eq.A.7, the 
current response of the forward scan is the linear potential sweep voltammogram as R is 
oxidised to O, producing an anodic peak. On the reverse scan, the reduction of O to R 
occurs, resulting in a cathodic peak. A plot of an applied potential versus current is used to 
depict such generated cyclic voltammograms (Fig. A.5).  
                                                                                                                     
 
 
Fig. A.5.Current-potential dependency of a cyclic voltammogram for a reversible redox 
species [16]. 
 
The potential interval (           ) and the current peak ratio ( 
   
    
 ) obtained 
from cyclic voltammograms (Fig. A.6) provide useful information on the reversibility of 
the redox system [10]. 
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Fig. A.6. Typical cyclic voltammogram for a reversible redox reaction with indicated 
oxidation (Ep’) and reduction (Ep) peak potentials; anodic (i’) and cathodic (i) peak 
currents as well as the peak separation, ΔE [17]. 
 
 Kinetic analysis based on CV. 
 
As indicated previously, the cyclic voltammogram response recorded at varied scan 
rates can reveal useful kinetic information regarding the electrocatalytic processes 
occurring at the electrode/bulk interface. This primarily includes the diffusion and 
adsorption effects as well as the determination of the degree of reversibility represented by 
a given redox system.  
In principle, the factors which influence the shape of the response and the 
magnitude of the peak current for a typical reversible reaction at 25 ºC can be described by 
the Randles-Sevcik equation presented in Eq. A.8. Generally, the reversibility of the cyclic 
voltammogram will be solely observed when the oxidized and reduced species are 
uniquely stable and provided that the electron transfer occurs at a sufficient rate [18]. 
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Where n is the number of electrons involved in the reaction, A represents the electrode 
surface area in cm
2
, C and D are the bulk concentration (mol cm
-3
) and the diffusion 
coefficient (cm
2
 s
-1
) of the redox species and v is the scan rate (V s
-1
). 
As determined from the Randles-Sevcik equation, the peak current       should be 
directly proportional to the square root of the scan rate    
 
   used and parameters 
associated with the electroactive species: its bulk concentration and the diffusion 
coefficient    . Accordingly, a linear dependency of the measured current on the square 
root of the scan rate indicates that a given redox reaction conforms to the Randles-Sevcik 
relationship and is therefore governed to a certain extent by a diffusion-controlled 
behaviour. Consequently, the redox reaction process can be considered adsorption free. 
Furthermore, if the peak current       plotted against the   
 
   results in a straight line, the 
diffusion coefficient     can be calculated from the slope of the linear function, assuming 
fast kinetics and reversibility of the reaction and provided that the electron stoichiometry, 
the concentration of species and the surface area of the electrode are known. 
The Randles-Sevcik equation has been used in Chapters III and VI in order to 
determine the   of electron shuttling mediators, potassium ferricyanide (K3[Fe(CN)6]), 
ferrocenecarboxylic acid (FCA) and 2, 2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS) on Au and Pt disk electrodes (Ø2mm). 
For     vs.   
 
  dependency, which is defined by a standard Randles-Sevcik formula, 
it is anticipated that the electrochemical system will also follow other patterns. A number 
of tests can be applied to the sample which, in principle, should be fulfilled over a wide 
range of potential sweeps provided the reversible character of the reaction. In general, 
these are based on the ratio of the forward and reverse peak currents  
  
 
  
   and the peak 
separation     . For any reversible electrochemical system at 25 ºC, the magnitude of the 
 
  
 
  
   should be equal to unity and independent of the scan rate used, as shown in Eq. A.9. 
Furthermore, the peak separation should satisfy Eq. A.10 and the difference in the peak 
potentials and the half-wave peak potentials should comply with Eq. A.11. If any of these 
requirements are not satisfied, the electron transfer process is not reversible under the 
conditions of the experiment and the process is considered to be more complex [19].  
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Where   
   and   
   are the respective oxidation and reduction peak currents expressed in A, 
  
  and   
  represent peak potentials of the anodic (oxidation) and cathodic (reduction) 
waves (mV),      stands for the half-wave potential (mV) and n is the number of electrons 
exchanged in the redox reaction [16, 19]. 
If the electron transfer does not occur within the projected timescale of the 
experiment, which is indicative of slow exchange rates, the system can be considered 
irreversible. The irreversibility of a given redox reaction is determined by the lack of a 
reverse peak in the recorded cyclic voltammogram. The peak current in this case can be 
described by a modified Randles-Sevcik equation, which holds at 25 ºC  and incorporates 
the number of electrons transferred up to the rate-determining electrochemical step (   ) 
and the charge-transfer coefficient of the reverse reaction (   , depicted in Eq. A.12. 
                                                
          
 
       
 
   
 
                             
 
Furthermore, while the oxidation peak currents for an irreversible system are proportional 
to the square root of the scan rate, each decade change in v yields in a 
  
     
   shift in the 
peak potentials. In addition, the difference in the peak potentials and the half-wave peak 
potential at 25 ºC can be described according to Eq. A.13 [16]. 
                                                                   
 
 
  
    
                                              
For transitional systems, which do not fully comply with either the reversible or 
irreversible electron mechanisms and rather exist between the two extremes, a quasi-
reversible behaviour is assumed. The kinetics of a quasi-reversible system are not very fast 
or very slow and both the forward and reverse reactions contribute to the peak current, 
which increases with the square root of the scan rate, as indicated in the Randles-Sevcik 
equation (Eq. A.12). Nevertheless, at high scan rate values, where the kinetic equilibrium 
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of the redox couple is attained slowly (small standard rate constant, k
θ
), the peak current is 
no longer proportional to the square root of the scan rate [16].  
Provided that   and    are equal to 0.5, the peak oxidation and reduction currents 
for the quasi-reversible system should be even (the ratio equals unity), analogously to the 
fully reversible redox case. The separation of the anodic and cathodic peaks is typically 
larger than 
  
 
   and increases with higher scan rates, as the peak potential shifts [19].  
The properties of the reversible and quasi-reversible redox systems are 
summarized in Tab. A.1. 
 
Tab. A.1. Comparison of reversible and quasi-reversible redox systems [16]. 
 
 
One of the prime applications of cyclic voltammetry is a qualitative analysis of 
homogenous chemical reactions which precede or follow the heterogeneous 
electrochemical processes at the electrode/electrolyte solution in e.g. amperometric 
enzyme-electrodes for catalytic studies [17]. 
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2. Chronoamperometry. 
 
Chronoamperometry is, after cyclic voltammetry, the second most employed 
electrochemical technique widely used to gain information about the kinetics and 
mechanisms of redox reactions. In this method, the potential applied to the working 
electrode is stepped from an initial nil-current condition at which no faradaic reactions 
occur, to a value corresponding to a zero surface concentration of the electroactive species. 
With no current being drawn at the start of the measurement, the mass transport under the 
final potential is governed merely by diffusion [17]. While, chronoamperometric studies 
typically employ a single potential step, additional potential switches can be introduced if 
required.   
The current-time dependency generated from chronoamperometric detection, 
commonly known as an amperometric i-t curve, reflects the change in the concentration 
gradient of species at the vicinity of the electrode/solution interface. 
In general, the current recorded for a planar electrode, decays with time according 
to the Cottrell equation (Eq. A.14). 
                                                                 
     
 
 
 
 
  
 
 
                                                         
 
Where n is the number of electrons exchanged  in the redox reaction, A corresponds to the 
electrode area in cm
2
, C (mol cm
-3
) and D (cm
2
 s
-1
) are the bulk concentration and the 
diffusion coefficient of the electroactive species respectively, F is a Faraday constant 
(96485 C mol
-1
) and t is the time of the potentiostatic measurement in s. 
Although the classical Cottrell equation is relevant solely to planar electrodes, it can be 
appropriately adapted for spherical, cylindrical or rectangular geometries by applying a 
suitable laplace operator and corresponding boundary conditions in conjunction with 
Fick’s second law of diffusion [2, 4]. The formula is often simplified to Eq. A.15 by 
introducing a factor k, which is a collection of constants for a given electrochemical 
system. 
                                                                         
 
                                                             
 
Here, k represents the electrochemical constants (n, F, A, C and D). 
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In general, the current drawn from the electrochemical reaction in the short 
amperometric measurements corresponds to a monodimensional diffusion of the analyte; 
while at prolonged times a steady state is reached. This phenomenon is prominent in 
potentiostatic deposition of polymer films, which was of particular interest for this Ph.D. 
work and its practical application in the encapsulation of enzyme catalysts is discussed in 
Chapter VII. In polymer deposition, a constant potential is applied for a certain period of 
time to the working electrode in a monomer containing electrolyte solution in order to 
enable the formation of a desired film thickness. Fig. A.7 represents a sample 
amperometric i-t curve obtained for the deposition of glucose oxidase in o-
phenylenediamine polymer. Initial rapid decrease in the observed current followed by a 
steady-state behavior arise from the early charging of the double layer and ultimate self-
limitation of the electrochemical process at longer deposition times. The magnitude of the 
charging current decay is governed by the RC time constant (time required to charge a 
capacitor) which is associated with the size of the electrode and the conductivity of the 
investigated solution [6] . 
 
Fig. A.7. I-t curve obtained during potentiostatic deposition of 10 mg ml 
-1
 GOX in 10 mM 
o-PD polymer at 0.75V vs. Ag/AgCl for 1200 s. 
 
Although CV has been routinely employed in the electrogeneration of polymer 
films due to the smooth nature of formed deposits, generally stated in the literature [20], 
numerous authors report the preferred use of potentiostatic techniques [21, 22] as resulting 
in more adherent, uniform and stable polymer coatings. 
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B) Potentiometric analysis.  
Potentiometry is a technique employed to measure the potential of the 
electrochemical solution between two electrodes at a negligible current, usually referred to 
as a zero-current state. The method provides useful information about the ionic activity in 
the electroactive sample. Potentiometric studies employ electrodes appropriate to certain 
charged species, such as ion-selective (ISE) and glass-membrane pH electrodes for the 
discriminatory detection of F
-
, K
+
, Cl
-
, H
+
 [4, 11, 23]. In order to record the potential 
(typically across a membrane that reacts with the ions of interest), two electrodes are 
required in the electrochemical cell, an indicator and a reference.  
In potentiometric studies, the potential of the cell (Ecell), also referred to as the 
electromotive force (EMF) is governed by the Nernst formula presented in Eq. A.16 The 
observed Ecell, recorded at a zero current, is dependent on the composition of the 
electrolyte and other phases of variable concentrations and as indicated from the equation, 
logarithmically proportional to the specific ion concentrations. 
                                                                   
  
  
  
                                                     
 
where,       
  is a constant that depends on the nature of the electrode reaction and 
represents the potential of the cell at a standard state (1mol dm
-3
 of solute concentration, 1 
atm pressure and 297K), R is the universal gas constant, T stands for the absolute 
temperature (K), n is the number of electrons exchanged in the reaction, F is a Faraday 
constant and Q is the ratio of the concentration of anodic and cathodic ions. Since the 
correction term for the concentrations, is relatively small, the value of the electrode 
potential is predominantly reliant on the      
  constant. As follows from the Nernst 
equation, raising the concentration of the oxidizing agent, shifts the potential in the 
positive direction, with the opposite result with increased amount of the reducing 
component [1]. 
Although potentiometric devices have been predominantly applied in the field of 
biosensing [24], systems able to generate sufficient electrical current, may also be adopted 
in the development of energy-harvesting biofuel cells [85] and nano-size bioelectronics 
devices operating in physiological fluids [25]. In principle, these chemical based sensors 
can be coated with a biological element, such as an enzyme, capable of catalyzing 
biochemical reactions and generating ions which can be further detected by the 
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underlying electrode. Alternatively, by products of the enzymatic reaction may alter the 
pH of the studied solution, which can be indirectly recorded as a change in the potential. 
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APPENDIX B 
MICROFABRICATION TECHNOLOGY 
 
   
Appendix B discusses the state-of-the-art microfabrication techniques and their 
application in the development of microfluidic platforms for enzymatic biofuel cells. 
Additionally, section B.2 focuses explicitly on the processing of the Chrome-on-Glass 
(COG) masks for the photolithographic deposition of gold and platinum electrodes as well 
as the fabrication of microfluidic channels. 
 
 
B.1 Review on the fabrication processes. 
 
Fabrication of microfluidic devices emerged, and is still reliant, on the technologies 
developed for the integrated circuit (IC) industry and as such, facilitates the manufacturing 
of a large volume of identical devices at a low cost and with feasible prospects for mass 
production.  Basic IC technology incorporates a number of fabrication steps with 
deposition of thin films (by evaporation or sputtering), 3D structuring of the device (by 
wet and dry etching techniques) and back-end processing (dicing, wiring and packaging) 
being the prime manufacturing stages. Fabrication of microfluidic systems ascended from 
these techniques to ultimately develop as an independent research field. Depending on the 
applications, various materials can be considered for the fabrication of the micro-scale 
devices, primarily silicon, glass and plastic. At the early stage of development, the 
majority of microfluidic devices were fabricated in silicon, since the micromaching in Si 
was the leading technology at the time. Relatively high material and processing costs as 
well as poor yield rate (fewer microfluidic to electronic devices can be placed on a silicon 
wafer), made silicon too expensive to be considered as a viable and sustainable substrate 
for disposable miniature systems. Since mid-90s, microfabrication technology has been 
continuously moving towards polymer materials as more economical alternatives whose 
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manufacturing is time-efficient, cost-effective and does not require intense labor 
contributions. 
Among a wide number of available plastics, three types of polymeric substrates have 
been frequently employed in device microfabrication nowadays [1]: 
 photodefinable polymers such as SU-8, widely employed in microelectronics; 
 thermoplastic materials e.g. poly-methylmethacrylate (PMMA) and cyclic 
olefin copolymers (COC), due to their unique optical properties, high degree 
of mouldability and low water intake; 
 elastomers among which the most popular is poly-dimethylsiloxane (PDMS); 
PDMS, belonging to a group of polymeric organosilicons, is a viscoelastic material 
with low chemical reactivity and a non-toxic nature. It possesses a unique flexural and 
dielectric strength, high gas permeability and compressibility as well as usability over a 
wide range of temperatures. Furthermore PDMS is biocompatible and can be applied 
together with enzymes or microbial cells, without the risk of losing their activities. As an 
optically transparent material, it is very suitable for the prototyping of microfluidic devices 
and academic use. 
 
A) Generic microfabrication techniques for microfluidic chip 
production. 
 
There are four basic microtechniques originally applied for microelectronics and 
MEMS applications, which have been frequently employed in the fabrication of 
microfluidic devices for various purposes [2]. 
 
1. Photolithography. 
 
Photolithography is a derivative of lithography, a technique extensively used for 
patterning of microscale structures in the microelectronics industry [3]. The method uses a 
photosensitive emulsion layer known as a resist, which allows the transfer of desired 
features from a transparent mask onto the given substrate. The mask can be an either 
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transparent glass plate with metal patterns on its surface or a low-cost, disposable thin film 
of plastic produced by a high-resolution imagesetter. A typical photolithographic process 
consists of three steps: 
 Positioning: Alignment of the resist pre-coated substrate and the mask 
containing the transferrable features including the adjustment of the optimal 
position and distance; 
 Exposure: Transfer of the patterns to the photoresist layer via exposure to UV 
or X-ray;  
 Development:  Depending on the origin of the resist, pattern development is 
obtained by dissolution (for negative resists) or etching (for positive resists) in 
an appropriate developer solutions. 
Thick resist coatings, which are employed in microfluidic devices as functional 
layers or as templates for polymer moulding, can be achieved by repetitive spin-coating 
steps or by using viscous resist at a slower spinning velocity. 
 
2. Additive Techniques. 
 
a) Chemical Vapour Deposition (CVD). 
CVD is a technique employed to coat substrates with films of solid material 
generated as a result of a reaction between gaseous components [3] taking place on heated 
substrate surfaces in specially designated reaction chambers. While certain desirable 
compounds adsorb onto the substrate, remaining gaseous products leave the chamber 
without any interference with the substrate. Depending on the conditions under which the 
reaction occurs, three types of CVD processing can be distinguished: 
 Atmospheric Pressure Chemical Vapor Deposition (APCVD); 
 Low-pressure Chemical Vapor Deposition (LPCVD); 
 Plasma-enhanced Chemical Vapor Deposition (PECVD). 
Both APCVD and LPCVD require elevated temperatures, which makes them 
suitable only for metals with high eutectic temperatures with silicon e.g. tungsten. For the 
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PECVD, lower temperatures can be applied since the energy derives partially from 
plasma. 
b) Thermal oxidation. 
Thermal oxidation is the simplest method of depositing silicon dioxide layer onto a 
silicon substrate. In Si-based microfluidic devices, thermal oxidation is used primarily in 
order to adjust the width of the channel and the size of filter pores if applicable [3]. Two 
main type of oxidation exist, dry and wet, depending on the nature of the reagent used. 
While the former relies on pure oxygen reacting with silicon in high temperatures and 
generating silicon dioxide, in wet oxidation, silicon is subjected to a water vapor 
producing dioxide as the product. 
c) Spin Coating. 
Spin coating is considered to be one of the simplest and most efficient methods of 
casting the substrates with films of controlled thickness. The technique is predominantly 
employed in the deposition of pre-polymers and protective resist layers for 
photolithography. In this method, the coating material is dissolved in suitable organic 
solvent and applied on the substrate surface, prior to the deposition step. The sample is 
then spun at an elevated speed for a certain period of time, generating relatively planar 
films of precise thickness. While most of the solvent dissipates upon spin-coating, a 
certain amount of solvent remains after the spinning process and can be evaporated by 
baking the sample at high temperatures [3]. 
 
3. Subtractive Techniques. 
 
a) Wet Etching. 
Refers to an etching process of solid materials in chemical solutions, whereby the 
substrate is either immersed in the reaction bath or sprayed with the applicable etchant [3]. 
The technique is highly selective and repeatable, with the etch rate being controlled by the 
concentration of the active component and yielding relatively planar imprinted surfaces. 
The performance of wet etching is reliant on the dynamics of the system and is dependent 
on the stirring rate as the reaction products can interfere with the etchants and the surface 
of the substrate. Chemical etching is often employed to deliberately remove thin layers of 
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the substrate or film coatings. Tab. B.1 illustrates examples of chemical reagents used in 
thin film etching of functional materials. 
 
Tab. B.1. Sample wet etchants for thin films of functional materials. 
Material Chemical etchants Selective to: 
Si HF, HNO3, CH3COOH SiO2 
Si KOH SiO2 
SiO2 NH4, HF Si 
SiO2 HF, HNO3, H2O Si 
SiO2 H3PO4, HNO3, H2O Si 
Si3N4 H3PO4 SiO2 
 
b) Dry Etching. 
 
 Chemical Dry Etching (CDE). 
The principle of Chemical Dry Etching is the use of collisional interactions 
between gaseous reagents to strip off atomic layers from the material surface under 
investigation.  It is a technique comparable in its selectivity to wet etching with an 
extensive practical applications in wafers cleaning [3]. Tab. B.2 lists examples of dry 
etchants commonly employed in microfabrication in functional materials. 
 
 
 Physical Dry Etching (PDE). 
Unlike CDE, Physical Dry Etching utilizes the kinetic energy derived from 
electrons, photons or beams of ions to attack the surface of the sample. The released 
material is subsequently removed due to the high energy of the beam. Although PDE can 
be applied to diverse materials, several shortcomings have been associated with this 
technique. As the ions generated in the reaction chamber display poor selectivity, the 
method is typically non-specific and results in undifferentiated processing of the material. 
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Slow rates of etching and trench effects of ions reflected from the sample surface pose 
additional limitations of the PDE. 
 
Tab. B.2. Sample gaseous etchants for thin films of functional materials. 
Material Gaseous etchants Selective to: 
Si 
BCl3/Cl2, BCl3/CF4, BCl3/CHF3, 
Cl2/CF4, Cl2/He, Cl2/CHF4, HBr, 
HBr/Cl2/He/O2, 
HBr/SiF4/NF3/HCl/CF4 
SiO2 
SiO2 
CF4/H2, C2F6, C3F8, 
CHF3,CHF3/O2, CHF3/CF4 
Si(Al) 
Si3N4 
CF4/H2, C2H6, CHF3, 
CF4/CHF3/He 
Si(SiO2) 
Al 
BCl3, BCl3/Cl2, BCl3/Cl3/He, 
BCl3/Cl2/CHF3, HJ, HBr/Cl2 etc. 
SiO2 
Organics O2, O2/CF4, O2/SF6 _ 
 
 
 
4. Pattern Transfer Techniques. 
 
a) Subtractive Transfer. 
Subtractive transfer is a four step process used to transpose the features engraved in 
a mask onto a sample previously pre-coated with a layer of a functional material , such as 
an adhesive layer of titanium [3]. Following the initial varnish with the functional layer, 
the substrate is spin-coated with a photoresist (positive or negative) and a mask bearing 
the patterned structures is applied (dark mask for positive and clear for negative resist). 
The features are then selectively etched and the remaining photoresist is washed away in a 
suitable developer. 
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b) Additive Transfer. 
 
 Lift-off technique. 
The most frequently employed additive technique is a lift-off method in which the 
functional material (e.g. Ti or Pt) is deposited directly on the post-baked patterned 
photoresist layer, pre-coating the substrate, Fig.  B.1 a) – d). The resist is subsequently 
resolved with acetone and removed together with the overlying active material. The 
remaining functional layer forms the desired structure, Fig. B. 1 e). Lift-off is a technique 
which has an immense application in microfluidics, where direct wet etching process 
poses a risk of undesirable alteration of the properties of polymers and catalytic metals 
(e.g. Pt or Pd) [3]. 
 
Fig. B.1. Pattern transfer with the lift-off technique: (a) spin-coating of a photoresist 
(negative or positive); (b) photolithography through a patterned mask (dark or clear) 
dark; (c) photoresist development; (d) deposition of the functional layer (e.g. Ti or Pt) and 
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(e) removal of the photoresist and the overlaying functional material, the transferred 
structure remains. 
 
 Selective electroplating. 
In the selective electroplating a metal seed layer is initially deposited on the 
substrate, spun-coated and shielded with a thick layer of a photoresist, which is then 
subsequently electroplated with e.g. a metal as schematically illustrated. Electroplating is a 
process in which ions from the solution are deposited on a conductive substrate due to the 
applied electric current. The rate of plating is strongly reliant on the current density and a 
such the accurate control  of the uniformity of the electrodeposited layer may be 
challenging [3]. 
In general, selective electroplating is used to obtain high aspect ratio structures for 
microfluidic devices with thick photoresist layers, which can be then employed as molds 
for the preparation of micro-sized features (e.g. microchannels, microvalves and 
micropumps). Fig. B.2 illustrates a microfabrication process including lithography and 
both, the additive and subtractive techniques. 
 
Continuous expansion of the commercial and research applications results in a 
growing demand for alternative materials such as stainless steel or ceramics. Examples of 
less conventional fabrication techniques employing alternate substrates include 
microcutting, laser machining, microelectrodischarge machining or laminating. 
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Fig. B.2.  Pattern transfer with additive technique, lithography and subtractive technique: 
(a) deposition of the functional layer; (b) photoresist coating (positive or negative); (c) 
photolithography with a patterned mask (dark or clear field); (d) photoresist removal; (e) 
selective etching of the functional layer (photoresist is not  attacked); and (f) structure is 
transferred to the functional material. 
 
B) Polymer based micromachining techniques. 
 
While conventional polymer based techniques employ an extensive number of 
methods (e.g. laser micromachining), the most frequently used is LIGA. LIGA, is a 
German acronym to Lithographie, Galvanoformung, Abformung, and is a fabrication 
technology which relies on thick resist photolithography, electroplating and micromolding 
processes to produce high-aspect-ratio microstructures. X-Ray LIGA and UV LIGA are 
two main fabrication strategies derived from the mainstream technology for respective 
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processing of features with high and low aspect ratios. Despite the existing differences in 
the machining protocols, the structural substrate has to be a polymer [3]. 
The growing number of alternative micromachining techniques for high output 
polymeric microstructures, includes several fabrication strategies however only three are 
within the scope of this Ph.D. thesis and hence will be discussed herein: thick resist 
lithography, soft lithography and micromolding.  
 
1. Thick resist lithography. 
 
a) Polymethylmethacrylate (PMMA) Resist. 
Polymethylmethacrylate commonly known as Plexiglas, was initially used as a 
resist material in LIGA techniques [4]. Nowadays is has been extensively employed in the 
fabrication of microfluidic devices for various biochemical and electrochemical 
applications. It can be applied on a substrate by a number of methods, such as multiple 
spin coating, simple casting or through plasma condensation [5]. Since multilayer coating 
of PMMA is often associated with high interfacial stress, in some instances it may lead to 
the introduction of cracks in the resist layer. In order to avoid his phenomena, a 
prefabricated PMMA sheet bonded to the substrate [6] or polymerization in situ with a 
casting resin [7] are frequently employed instead. As a monomer, methyl methacrylate has 
been regularly used as an adhesive for bonding processes [8]. 
Structuring of PMMA in the LIGA technology, requires a collimated X-ray source 
with a specified range of wavelengths (0.2 nm - 2 nm), available only in synchrotron 
facilities, which is one of the prime shortcomings of the method. Additionally, it has been 
demonstrated that this type of electromagnetic radiation irreversibly alters the properties of 
PMMA in the exposed area, which is chemically etched during the process. Furthermore, 
in order to obtain high resolution of patterning, a suitable beryllium or titanium mask 
needs to be applied on the substrate, further increasing the fabrication cost. In general, the 
thicker the mask the higher the applied X-ray energy, which yields an increased aspect 
ratio of produced PMMA microstructures [3]. Limited access to the synchrotron facilities 
and additional costs associated with LIGA micromachining in PMMA, in particular, led to 
increased consideration of alternative thick resist films, such as SU-8. 
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b) SU-8 Resist. 
SU-8 is a cost-effective alternative to a PMMA resist. Developed originally by 
IBM [9, 10] and soon adapted for MEMS applications, it is an EPON SU-8 epoxy based 
negative photoresist for the near UV-wavelengths (365 nm to 436 nm).The material is 
commercially available with a variety of viscosities, an essential factor controlling the 
thickness of the film during the spin coating of the substrate. As an epoxy (composed of O 
bridged atoms) resin, during the curing process SU-8 is converted into a thermoset form of 
a three-dimensional structural network. In order to promote the curing upon UV exposure, 
the typical SU-8 consists of three primary components: the resin (e.g. EPON SU-8), the 
photoinitiator, such as triarylium-sulfonium salts and the mutual solvent (e.g. Γ-
butyrolactone).  
A typical SU-8 process is composed of a multi-step protocol consisting of: 
 Spin coating – The structural height and the film thickness is reliant on the 
viscosity of the used photoresist, with thicker resist films being favored by 
lower spin velocities or higher viscosities. 
 Soft baking – Used to remove the solvent following the spin coating step, either 
on a level hot plate or in a convection oven [11, 12]. 
 Exposure – SU-8 can be exposed using mercury lamp with a near - UV 
wavelength with the thickness of the film co-related with the exposure dose. 
Since the optical absorption of SU-8 increases significantly below 350 nm, 
longer UV wavelengths are typically recommended. 
 Post exposure baking – Used for a selective cross-linking of the previously 
exposed SU-8 area. In order to prevent cracking effects associated with high 
cross-linking stress, a two-step sequence and a slow cooling procedure are 
usually implemented [13, 14]. 
 Resist development – Immersion or spray processes, utilizing solvent-based 
developers, such as diacetone alcohol, are typically used to remove non-
polymerized areas of SU-8. 
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 Hard baking – Applied optionally if additional baking at elevated temperatures 
(150ºC - 200ºC) is required [15]. At very high temperatures hard baking can 
cause increased thermal stress and lead to structural cracks which need to be 
accounted for. 
 Resist removal – It is considered as the most difficult step due to high degree of 
polymerized SU-8 cross-linking. A number of methods is available however 
the removal of SU-8 is typically obtained by an acidic etch, RIE (reactive ion 
etch) or laser ablation [16]. 
Due to its labor-efficient processing and rather attractive mechanical properties, 
SU-8 has been widely used as the prime material for the fabrication of microfluidic 
devices. Despite a number of possible microfabrication techniques, the simplest strategy of 
forming a microchannel in the SU-8 layer is to use it as a spacer. In this method, both top 
and bottom walls of the channel are originally made of materials other than SU-8, 
primarily from silicon or glass wafer. A metal seed layer is initially applied on the wafer; a 
photoresist is subsequently spun-coated and structured on top. The microchannel is later 
etched in SU-8 film via oxygen plasma treatment through an aluminum mask. The last 
step involves assembling the etched structure with a glass plate [17]. Three-dimensional 
microchannel structures can also be patterned using conventional photolithography 
techniques, relying on a multilayer exposure (Fig. B.3). In the lithographic processing SU-
8 is spin-coated and exposed on a silicon substrate, onto which a secondary resist layer is 
later applied. In order to avoid double exposure, the mask for the ancillary SU-8 film 
needs to completely cover all the unexposed areas of the first layer. Following the 
exposure, the double resist is developed to ultimately form a channel structure. In the next 
fabrication steps a fully developed microfluidic feature is formed due to cross-linking 
effect between the exposed SU-8 layer and a glass plate coated with a thin unexposed 
photoresist sheet [18]. 
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Fig. B.3. Fabrication of microchannels in SU-8: (a) single layer with electroplating (b) 
multiple layers. 
 
Although standard micromachining in SU-8 results in good resolution of features 
of 2 mm high with an aspect ratio greater than 20 and is based on a low-cost UV-exposure, 
the height and the aspect ratio of fabricated structures cannot compete with those of 
LIGA-X-Ray processing in PMMA. 
 
2. Soft lithography. 
 
Unlike thick resist lithography, its soft equivalent is not an optical transfer 
technique and it requires a ‘soft’ elastomeric stamp to transfer the relief features patterned 
on its surface onto the substrate via microcontact printing or replica micromolding [19]. A 
 
a)                                                               b) 
Metal
s 
Mask 
400 
 
variety of elastomers can be used for the fabrication of the stamp but the most common for 
this purpose is polydimethylsiloxane (PDMS). The motivation behind the extensive use of 
PDMS relies in its unique physicochemical properties associated with its interesting, 
mixed chemical structure. As an example of an organosilicon, PDMS is composed of an 
inorganic siloxane backbone with organic methyl groups attached to it as shown in Fig. 
B.4. 
 
Fig. B.4.Chemical structure of PDMS. 
 
Polydimethylsiloxane is an economical, non-toxic and optically transparent 
polymer and as such is an ideal candidate for the fabrication of low cost microfluidic 
components and comprehensive lab-on chip miniature devices. Due to its low interfacial 
free energy, PDMS exhibits chemical inertness and does not stick nor react with the 
substrate it has been applied to. In addition, it is resistant to humidity and elevated 
temperatures and as an elastomer it can readily attach to nonplanar surfaces. Furthermore, 
due to its mechanical durability and the susceptibility to UV exposure, PDMS can be 
successfully applied in soft lithography techniques.  
Some of the major shortcomings of PDMS include volume change (e.g. shrinking 
effect) and elastic deformations upon solvents swelling and curing.  The latter influences 
the aspect ratio of the designed polydimethylsiloxane structure, causing either pairing 
effect (when high aspect ratio) or sagging of the noncontact regions (when low aspect 
ratio), which in consequence block further processing steps of the soft lithography. Ideally, 
the optimal PDMS structures are obtained when mixing prepolymer and the curing agent 
in the aspect ratio ranging between 0.2 and 2 [19]. 
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a) Fabrication of microfluidic devices in PDMS. 
The stamp for the soft lithography patterning in PDMS can be fabricated from 
various different substrates e.g. glass, silicon or SU-8 using traditional micromachining 
technologies. Once manufactured and chemically clean, most masters do not require 
further treatment with an exception of silicon, which needs to be initially silanised by 
exposure to CF3 (CF2)6 (CH2) SiCl3 vapors [20]. The siloxane prepolymer is applied onto 
the master bearing the relief of desired patterns and cured at elevated temperatures 
(Fig.B.4 A). Once set, the polymer layer can be easily peeled off and attached to a 
substrate plate (e.g. glass) following its surface activation in e.g. oxygen plasma. In a 
similar approach, various 3D structured PDMS layers can be laminated together to create a 
final polymer product.  
 
b) Microcontact printing with a PDMS stamp. 
The PDMS features can be used as stamps themselves in order to transfer the relief 
patterns of self-assembled monolayers (SAMs) in a contact-based technique called 
microcontact printing (Fig. B.4 B). In this method, the PDMS substrate is immersed in the 
Y (CH2) n X SAM precursor solution, where X and Y are respective head and anchoring 
groups, and pressed against the surface of the ultimate structural material, transferring the 
SAM pattern.  The self-assembly monolayer can later act as a resist coating protecting the 
underlying material during imprinting in a chemical etching step and can be applied as a 
mask for the Reactive Ion Etching (RIE). Due to its small thicknesses, SAM deposits are, 
in general, very fragile and can be easily damaged by ion bombardment.  
Surface properties of SAM, determined by the X group type of the ligand, allow 
these structures to be applied as templates for selective and controlled deposition of other 
materials, such as metals and ceramics. 
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Fig. B.4 (A) Fabrication of a PDMS stamp: a) DRIE of silicon master, b) application of 
liquid PDMS, c) stamp release; (B) Microcontact printing with PDMS stamp: a) 
immersion of the PDMS master in the ligand solution e.g. SAM; b) transfer of the features; 
c) etching of the underlying structural material. 
 
c) Micromolding with a PDMS Replica Master. 
As proposed by Xia and co-workers [19], the general field of micromolding with a 
PDMS replica master can be subdivided into four main categories: replica molding, 
microtransfer molding, micromolding in capillaries and solvent-assisted micromolding out 
of which three, most relevant to this Ph.D. work has been briefly discussed below. 
Replica molding allows structures smaller than 10 nm to be produced using the 
PDMS stamp as a replica for the suitable prepolymer. The final pattern is obtained by 
thermal curing of the assembly or upon UV exposure for a certain period of time (Fig. 
B.5). 
A)                                                              B) 
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Fig. B.5. Schematic of a replica molding with a PDMS master. Curing of the PDMS and 
prepolymer assembly (b) results in a pattern transfer into the substrate (c). 
 
 
In microtransfer molding liquid prepolymer is applied on the elastomer stamp 
filling the gaps within the PDMS structure. Following the removal of the excess material, 
a planar substrate (e.g. glass or a polymer slide) is then placed on top and the assembly is 
cured thermally or by exposure to the UV light. The PDMS master is later peeled off 
revealing the desired pattern on the surface of the substrate (Fig. B.6). The key 
disadvantage of this technique is that one cannot completely remove the excess 
prepolymer and thus a thin layer the order of 100 nm remains on top of the structural 
polymer and the master and needs to be etched away in the oxygen plasma prior to any 
further microfabrication steps [19]. 
 
 
Fig. B.6. Graphical representation of the microtransfer molding technique using a PDMS 
master comprised of prepolymer casting (a), removal of the excess material and 
application of the planar substrate (b), and structure transfer following thermal or UV 
curing (c). 
 
 
a)                                             b)                                                c) 
 
a)                                            b)                                                c) 
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Solvent-assisted micromolding is a modified version of the classical embossing 
approach, whereby instead of heat and pressure, the patterning relies on the application of 
a suitable solvent at the interface between the PDMS stamp and the structural polymer. 
The solvent wets the master and softens the underlying polymeric substrate living the 
PDMS intact. When the elastomer is pressed against the structural polymer it dissolves it 
and fills the gaps in between the PDMS structure. The final pattern is obtained after the 
removal of PDMS relief and solvent evaporation (Fig. B.7). 
 
 
Fig. B.7. Schematic of a solvent-assisted micro molding with PDMS stamp including 
substrate coating with structural polymer and a solvent layer (a), assembly of the PDMS 
stamp and the substrate (b), pattern release following dissipation and solvent evaporation 
(c).  
 
d) Microchannel fabrication using Soft Lithography technique. 
 
Soft lithography using PDMS as a structural material has been extensively 
employed in the rapid prototyping of microfluidic devices for over two decades now [19, 
21-23]. The widespread use of PDMS is primarily due to its easy micromachining and a 
number of suitable properties including low toxicity, high optical transparency from 
visible into the near UV wavelengths and chemical inertness. 
Liquid PDMS for the channel molding is typically prepared by mixing the polymer 
base and the curing agent in a recommended 10:1 or 5:1weight ratio. The stamp is usually 
fabricated from SU-8 with defined inlet and outlet points, spun-coated onto a silicon 
wafer. The prepolymer mixture is poured into a solid master and let to self-level for 
a)                                      b)                                     c) 
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several minutes. The assembly is then thermally cured at temperatures ranging between 
60-100°C for a defined period of time, following which the solidified PDMS can be easily 
peeled off and the access points introduced.  Low-temperature oxygen plasma treatment 
activates the surface of the PDMS layer and enables its bonding to clean glass, silica or 
another surface activated PDMS substrate (Fig. B.8). 
 
Fig. B.8. Summary of the fabrication of microchannels in a PDMS substrate via soft 
lithography. Spin-coating of a silicon wafer with a thin layer of SU-8, UV exposure 
through a patterned mask and SU-8 development (a), pouring of the liquid PDMS on the 
SU-8 mold, curing and surface activation prior to glass bonding (b). 
 
 Although plasma oxidation of the PDMS surface is essential in order to obtain 
permanent attachment (up to 5 bars of pressure) to a number of substrates (glass, silicon, 
PDMS), certain applications require reversible, watertight seals for detachable fluidic 
devices and hence the activation step is neglected. Furthermore, it has been suggested that 
plasma oxidation of the polymer substrate can be temporarily inhibited by methanol, 
which impedes instant bonding between multiple layers of PDMS following the exposure 
[24].  
The vast majority of microfluidic fuel cells reported up to date have been 
fabricated on glass supports pre-coated with metal or carbon based electrodes and a PDMS 
cover carrying the microfluidic channel [25-28]. While, the conventional fabrication 
strategy is suitable for small-scale lab-based research, it is not applicable in large demand 
commercial markets, where a high degree of automation and low manufacturing costs are 
a)                                                                               b) 
406 
 
the main prerequisite.  In this light, cost effective, easy to fabricate and disposable plastic 
miniature devices seem to be an attractive alternative to the classical approach using glass 
or silicon substrates. In addition, replacing expensive patterning of noble metal electrodes 
with economically-friendly conducting materials such as indium tin oxide (used in the 
field of electrochemical and optical sensing) has a potential to significantly lower 
manufacturing expenses and the complexity of the existing microfluidic systems. 
Substituting the platinum cathode with an oxidant reducing enzyme-based biocathode, 
alongside a ‘green’ bioanode for the pollutant-free oxidation of the given fuel can 
ultimately remove the need for precious metal catalysts in the microfluidic environment. 
Such innovative designs of polymer microfluidic chips would help to overcome problems 
related with the diffusion layer thickness at the interface between anodic and cathodic 
compartments of the cell as well as the issues associated with the depletion of fuel in the 
microfluidic channel. Furthermore, miniaturization of the biofuel cells and their 
fabrication from economical polymer substrates would enable cost-efficient stacking of 
numerous devices in order to reduce the total volume occupied by the system and enhance 
the current and power outputs drawn from the cells. 
 
 
B.2. Fabrication of the COG masks for the electrode and channel 
preparation. 
 
A) COG masks for the electrode patterning. 
 
In order to deposit gold and platinum on Zeonor substrate a detailed design of the 
electrode layouts had to be put in place. Electrode patterns were prepared in the Central 
Fabrication Facility of the Tyndall National Institute using Mentor Graphics IC Station 
software and the designs were sent to Compugraphics Intl. Ltd (Scotland) for the 
fabrication of Chrome-on-Glass (COG) photolithographic masks. Due to separate 
deposition steps for Au and Pt, two sets of master layouts had to be fabricated. Each mask 
contained five different electrode patterns. Fig. B.9 is a graphical representation of the 
designed COG masks. 
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Fig. B.9. Designs of the electrode layouts for the fabrication of Chrome-on-Glass 
masks 
 
Photomasks provide templates for semiconductor components, the universal 
element in almost all modern electronics. They are plates typically made from high quality 
quartz or glass, carrying precise and detailed images of integrated circuits. With the 
significant development in the area of bioelectroanalysis photomasks have gained 
increased interest as tools for fabrication of electrochemical devices and, as such, are 
frequently used for patterning of micro- and nano-features for lab-on-chip applications. 
Transcription of the pattern is carried out by shining a UV light through the photomask 
onto a thin wafer of the substrate (silicon, polymer etc.). The wafer acts as a foundation for 
the device manufacturing and is coated with a photo-sensitive material that reacts with the 
light shone through the mask. After the etch step and stripping off the resist a detailed 
layout of the miniature features (electrodes, channels etc.) is formed on the wafer. 
Exact specifications of the photomask are determined by the customer 
requirements. Layout of the required patterns is sent to the company in a form of a 
technical drawing via email or a FTP server (GDSII, AutoCAD, MEBES, Gerber or CIF 
data formats are accepted). The design provides records about the features, polarity, 
mirroring and the mask title. Information is encoded in a specialized language operating 
the fabrication tools and ready-to-write data is sent back to the customer for a final quality 
check prior to manufacture. Once approved, the mask substrate is coated with thin layers 
of chrome and photoresist and exposed to laser tools which transfer the pattern onto the 
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resist. Following exposure the underlying chrome is chemically etched (wet etch) and the 
remaining photoresist removed (Fig. B.10).  After fabrication the mask undergoes a series 
of visual and automatic inspections including die-to-die, die-to-mask and die-to-database 
checks. 
 
 
Fig. B.10. Diagram representing laser fabrication of the Chrome on Glass photomasks 
(Compugraphics Ltd, Scotland) 
 
 
B) COG mask for the microfluidic channel layouts. 
 
 
Chrome-on-Glass (COG) photomasks for the fabrication of the microfluidic 
channels have been designed at the Central Fabrication Facility of the Tyndall National 
Institute, using Mentor Graphics IC Station software, and manufactured by 
Compugraphics Intl. Ltd (Scotland). Fig. B.11. illustrates the schematic design of the mask 
alongside with the produced mask.  
The fabrication process is based on a wet etching technique, in which a thin film of 
chrome is coated onto a glass substrate, following which a layer of positive photoresist is 
applied. After UV exposure, the resist is developed leaving behind the desired pattern of 
the channel, as illustrated in Fig. B.12. 
1. Pattern 2. Resist 
3. Chemical etch of 4. Resist removal 
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Fig. B.11 Images of the Chrome-on-Glass masks for the fabrication of channel layouts, 
technical drawings (left), fabricated mask (right). 
 
                                         
Fig. B.12. UV pattern exposure and photoresist development in the fabrication of COG 
masks. 
 
Following resist development, the underlying chrome is etched away in a mixture of gases 
(dry etch) and the remaining photoresist is removed via acid treatment (Fig. B.13). 
Photoresist 
Chrome 
Glass 
Pattern of the 
channel in the resist 
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Fig. B.13. UV pattern exposure and photoresist development in the fabrication of COG 
masks. 
  
Pattern of the channel 
in COG 
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APPENDIX C 
MATHEMATICA CODE 
 
 
  
Define Constants
Ds = 2.7 ´ 10-5;
De = 4 ´ 10-4;
Dp = 2.7 ´ 10-5;
Dem = 0;
kespos = 10000;
kesneg = 400;
kcat = 12500;
kemneg = 8.4 ´ 104;
kempos = 2.1 ´ 106;
km = 1250;H*1150*L
ke = 2.075 ´ 106;
E0 = 5 ´ 10-3;
M0 = 5 ´ 10-3;
S0 = 150 ´ 10-3;
time = 1.5;
l = 5 ´ 10-3;
Kem =
kemneg + km
kempos
;
Kes =
kesneg + kcat
kespos
;
Ecell = 0.6;
Eformal = 3.33;
Const = 0.0591;
Generate space-time profiles of the various species
rateeqns = 8H*These are the rate equations,
there 8 of them altogether. Each species is a function of x and t *L
D@S@x, tD, 8t, 1<D  Ds D@S@x, tD, 8x, 2<D + kesneg ES@x, tD - kespos S@x, tD Eox@x, tD,
D@Eox@x, tD, 8t, 1<D 
De D@Eox@x, tD, 8x, 2<D + kesneg ES@x, tD - kespos S@x, tD Eox@x, tD + km EM@x, tD,
D@ES@x, tD, 8t, 1<D  Dem D@ES@x, tD, 8x, 2<D -
Hkesneg + kcatL ES@x, tD + kespos S@x, tD Eox@x, tD,
D@P@x, tD, 8t, 1<D  Dp D@P@x, tD, 8x, 2<D + kcat ES@x, tD,
D@Ered@x, tD, 8t, 1<D  De D@Ered@x, tD, 8x, 2<D +
kcat ES@x, tD - kempos Ered@x, tD Mox@x, tD + kemneg EM@x, tD,
D@Mox@x, tD, 8t, 1<D  De D@Mox@x, tD, 8x, 2<D + kemneg EM@x, tD -
kempos Ered@x, tD Mox@x, tD,
D@EM@x, tD, 8t, 1<D  Dem D@EM@x, tD, 8x, 2<D - Hkemneg + kmL EM@x, tD +
,
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kempos Ered@x, tD Mox@x, tD,
D@Mred@x, tD, 8t, 1<D  De D@Mred@x, tD, 8x, 2<D + km EM@x, tD<;
initialcons = 9H*These are the initial and boundary conditions. For each species
there are two boundary conditions and one initial condition. The *L
S@0, tD  S0, HD@S@x, tD, 8x, 1<D . x ® lL  0, S@x, 0D  S0,
HD@Ered@x, tD, 8x, 1<D . x ® 0L  0,
HD@Ered@x, tD, 8x, 1<D . x ® lL  0, Ered@x, 0D  0,
HD@Mred@x, tD, 8x, 1<D . x ® 0L  0,
Mred@l, tD 
M0
1 + ã
Ecell-Eformal
Const
, Mred@x, 0D 
M0
1 + ã
Ecell-Eformal
Const
,
H*HD@EM@x,tD,8x,1<D.x®0L0,HD@EM@x,tD,8x,1<D.x®lL0*LEM@x, 0D  0,
H*HD@ES@x,tD,8x,1<D.x®0L0,HD@ES@x,tD,8x,1<D.x®lL0*LES@x, 0D  0,
HD@Eox@x, tD, 8x, 1<D . x ® 0L  0,
HD@Eox@x, tD, 8x, 1<D . x ® lL  0, Eox@x, 0D  E0,
HD@Mox@x, tD, 8x, 1<D . x ® 0L  0,
Mox@l, tD 
M0
1 + ã
Eformal-Ecell
Const
, Mox@x, 0D 
M0
1 + ã
Eformal-Ecell
Const
,
HD@P@x, tD, 8x, 1<D . x ® 0L  50 P@0, tD,
P@x, 0D  0, HD@P@x, tD, 8x, 1<D . x ® lL  0=;
fulleqns = Flatten@Join@rateeqns, initialconsDD;
solsdf = NDSolveAfulleqns, 8S, Eox, ES, P, Ered, Mox, EM, Mred<,
8x, 0, l<, 8t, 0, time<, MaxSteps ® ¥, MaxStepSize ® 10-2E;
p1 = Plot3D@S@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "S@tD", PlotRange ® AllD;
p2 = Plot3D@Ered@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "Ered@tD", PlotRange ® AllD;
p3 = Plot3D@Eox@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "Eox@tD", PlotRange ® AllD;
p4 = Plot3D@Mox@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "Mox@tD", PlotRange ® AllD;
p5 = Plot3D@Mred@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "Mred@tD", PlotRange ® AllD;
p6 = Plot3D@ES@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "ES@tD", PlotRange ® AllD;
p7 = Plot3D@EM@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "EM@tD", PlotRange ® AllD;
p8 = Plot3D@P@x, tD . solsdfP1T, 8t, 0, time<, 8x, 0, l<,
PlotLabel ® "P@tD", PlotRange ® AllD;
plotlist = 8p1, p2, p3, p4, p5, p6, p7, p8<;
GraphicsGrid@Partition@plotlist, 4DD
SetDirectory@"C:\\Users\\Monika"D
Mred3Dexportdata =
Table@8x, t, Mred@x, tD . solsdfP1T<, 8t, 0, time, time  150<, 8x, 0, l, l  100<D;
415 
 
 
  
Export@"Mred_full_3d_part" <> ToString@ðD <> ".dat", Mred3DexportdataPð, All, 3TD & 
Range@Length@Mred3DexportdataDD
CV curve generation at a single scan rate (evaluation time length)
Estart = -2;
Estop = 3;
Estep = 0.1;
elist = Table@i, 8i, Estart, Estop, Estep<D;
potentials = Join@elist, Drop@Reverse@elistD, 1DD;
potentials
tramp = 0.05;
time = 0.15;
data = 8<;
H*Preparation step at first potential*L
Ecell = potentialsP1T;
initialconsPREP = 9
S@0, tD  S0, HD@S@x, tD, 8x, 1<D . x ® lL  0, S@x, 0D  S0,
HD@Ered@x, tD, 8x, 1<D . x ® 0L  0,
HD@Ered@x, tD, 8x, 1<D . x ® lL  0, Ered@x, 0D  0,
HD@Mred@x, tD, 8x, 1<D . x ® 0L  0,
Mred@l, tD 
M0
1 + ã
Ecell-Eformal
Const
, Mred@x, 0D 
M0
1 + ã
Ecell-Eformal
Const
,
H*HD@EM@x,tD,8x,1<D.x®0L0,HD@EM@x,tD,8x,1<D.x®lL0*LEM@x, 0D  0,
H*HD@ES@x,tD,8x,1<D.x®0L0,HD@ES@x,tD,8x,1<D.x®lL0*LES@x, 0D  0,
HD@Eox@x, tD, 8x, 1<D . x ® 0L  0,
HD@Eox@x, tD, 8x, 1<D . x ® lL  0, Eox@x, 0D  E0,
HD@Mox@x, tD, 8x, 1<D . x ® 0L  0,
Mox@l, tD 
M0
1 + ã
Eformal-Ecell
Const
, Mox@x, 0D 
M0
1 + ã
Eformal-Ecell
Const
,
HD@P@x, tD, 8x, 1<D . x ® 0L == 0, HD@P@x, tD, 8x, 1<D . x ® lL  0, P@x, 0D  0=;
fulleqns = Flatten@Join@rateeqns, initialconsPREPDD;
solsloop = NDSolveAfulleqns, 8S, Eox, ES, P, Ered, Mox, EM, Mred<,
8x, 0, l<, 8t, 0, time<, MaxSteps ® ¥, MaxStepSize ® 10-2E;
H*Loop over potentials*L
ForAr = 1, r £ Length@potentialsD, r++, 9
Ecell = potentialsPrT;
Clear@moxpieceD; Clear@mredpieceD;
mredpiece@t_ ; 0 £ t £ trampD :=
1
tramp
M0
1 + ã
Ecell-Eformal
Const
- HMred@l, timeD . solsloopP1TL t +
HMred@l, timeD . solsloopP1TL;
;
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mredpiece@t_ ; t > trampD :=
M0
1 + ã
Ecell-Eformal
Const
; Mreddata =
TableA8t, mredpiece@tD<, 9t, 0, time,
time
1000
=E; newMred = Interpolation@MreddataD;
moxpiece@t_ ; 0 £ t £ trampD :=
1
tramp
M0
1 + ã
Eformal-Ecell
Const
- HMox@l, timeD . solsloopP1TL t +
HMox@l, timeD . solsloopP1TL;
moxpiece@t_ ; t > trampD :=
M0
1 + ã
Eformal-Ecell
Const
; Moxdata =
TableA8t, moxpiece@tD<, 9t, 0, time,
time
1000
=E; newMox = Interpolation@MoxdataD;
initialcons = 8
S@0, tD  S0, HD@S@x, tD, 8x, 1<D . x ® lL  0,
S@x, 0D  HS@x, timeD . solsloopP1TL,
HD@Ered@x, tD, 8x, 1<D . x ® 0L  0,
HD@Ered@x, tD, 8x, 1<D . x ® lL  0, Ered@x, 0D  HEred@x, timeD . solsloopP1TL,
HD@Mred@x, tD, 8x, 1<D . x ® 0L  0,
Mred@l, tD  newMred@tD, Mred@x, 0D  HMred@x, timeD . solsloopP1TL,
EM@x, 0D  HEM@x, timeD . solsloopP1TL, ES@x, 0D  HES@x, timeD . solsloopP1TL,
HD@Eox@x, tD, 8x, 1<D . x ® 0L  0,
HD@Eox@x, tD, 8x, 1<D . x ® lL  0, Eox@x, 0D  HEox@x, timeD . solsloopP1TL,
HD@Mox@x, tD, 8x, 1<D . x ® 0L  0,
Mox@l, tD  newMox@tD, Mox@x, 0D  HMox@x, timeD . solsloopP1TL,
HD@P@x, tD, 8x, 1<D . x ® 0L == 0,
HD@P@x, tD, 8x, 1<D . x ® lL  0, P@x, 0D  HP@x, timeD . solsloopP1TL<,
fulleqns = Flatten@Join@rateeqns, initialconsDD,
solsloop = NDSolveAfulleqns, 8S, Eox, ES, P, Ered, Mox, EM, Mred<,
8x, 0, l<, 8t, 0, time<, MaxSteps ® ¥, MaxStepSize ® 10-2E,
fluxS = D@S@x, tD . solsloopP1T, xD . 8x ® 0, t ® time<, curr = Ds fluxS,
AppendTo@data, 8Ecell, Abs@currD<D, PrintTemporary@EcellD=E
ListPlot@data, Joined ® True, PlotRange ® AllD
CV curve generation at a multiple scan rates (evaluation time 
lengths)
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  CV curve generation at a multiple scan rates (evaluation time 
lengths)
Estart = -3;
Estop = 3;
Estep = 0.05;
elist = Table@i, 8i, Estart, Estop, Estep<D;
potentials = Join@elist, Drop@Reverse@elistD, 1DD;
potentials
9-3., -2.8, -2.6, -2.4, -2.2, -2., -1.8, -1.6, -1.4, -1.2, -1., -0.8, -0.6, -0.4, -0.2,
1.66533 ´ 10-16, 0.2, 0.4, 0.6, 0.8, 1., 1.2, 1.4, 1.6, 1.8, 2., 2.2, 2.4, 2.6, 2.8, 3.,
2.8, 2.6, 2.4, 2.2, 2., 1.8, 1.6, 1.4, 1.2, 1., 0.8, 0.6, 0.4, 0.2, 1.66533 ´ 10-16, -0.2,
-0.4, -0.6, -0.8, -1., -1.2, -1.4, -1.6, -1.8, -2., -2.2, -2.4, -2.6, -2.8, -3.=
tstart = 0.1; H*0.1*Ltstop = 0.25; H*0.5*Ltstep = 0.15; H*0.15*L
tlist = Table@i, 8i, tstart, tstop, tstep<D
tramp = 0.05; time = 0.15;
data = 8<; 9time = tlistPðT; dataloop = 8<;
Ecell = potentialsP1T;
initialconsPREP = 9
S@0, tD  S0, HD@S@x, tD, 8x, 1<D . x ® lL  0, S@x, 0D  S0,
HD@Ered@x, tD, 8x, 1<D . x ® 0L  0,
HD@Ered@x, tD, 8x, 1<D . x ® lL  0, Ered@x, 0D  0,
HD@Mred@x, tD, 8x, 1<D . x ® 0L  0,
Mred@l, tD 
M0
1 + ã
Ecell-Eformal
Const
, Mred@x, 0D 
M0
1 + ã
Ecell-Eformal
Const
,
H*HD@EM@x,tD,8x,1<D.x®0L0,HD@EM@x,tD,8x,1<D.x®lL0*LEM@x, 0D  0,
H*HD@ES@x,tD,8x,1<D.x®0L0,HD@ES@x,tD,8x,1<D.x®lL0*LES@x, 0D  0,
HD@Eox@x, tD, 8x, 1<D . x ® 0L  0,
HD@Eox@x, tD, 8x, 1<D . x ® lL  0, Eox@x, 0D  E0,
HD@Mox@x, tD, 8x, 1<D . x ® 0L  0,
Mox@l, tD 
M0
1 + ã
Eformal-Ecell
Const
, Mox@x, 0D 
M0
1 + ã
Eformal-Ecell
Const
,
HD@P@x, tD, 8x, 1<D . x ® 0L == 0, HD@P@x, tD, 8x, 1<D . x ® lL  0, P@x, 0D  0=;
fulleqns = Flatten@Join@rateeqns, initialconsPREPDD;
solsloop = NDSolveAfulleqns, 8S, Eox, ES, P, Ered, Mox, EM, Mred<,
8x, 0, l<, 8t, 0, time<, MaxSteps ® ¥, MaxStepSize ® 10-2E;
H*Loop over potentials*L
ForAr = 1, r £ Length@potentialsD, r++, 9
Ecell = potentialsPrT;
Clear@moxpieceD; Clear@mredpieceD;
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Clear@moxpieceD; Clear@mredpieceD;
mredpiece@t_ ; 0 £ t £ trampD :=
1
tramp
M0
1 + ã
Ecell-Eformal
Const
- HMred@l, timeD . solsloopP1TL t +
HMred@l, timeD . solsloopP1TL;
mredpiece@t_ ; t > trampD :=
M0
1 + ã
Ecell-Eformal
Const
;
Mreddata = TableA8t, mredpiece@tD<, 9t, 0, time,
time
1000
=E;
newMred = Interpolation@MreddataD;
moxpiece@t_ ; 0 £ t £ trampD :=
1
tramp
M0
1 + ã
Eformal-Ecell
Const
- HMox@l, timeD . solsloopP1TL t +
HMox@l, timeD . solsloopP1TL;
moxpiece@t_ ; t > trampD :=
M0
1 + ã
Eformal-Ecell
Const
;
Moxdata = TableA8t, moxpiece@tD<, 9t, 0, time,
time
1000
=E;
newMox = Interpolation@MoxdataD;
initialcons = 8
S@0, tD  S0,
HD@S@x, tD, 8x, 1<D . x ® lL  0, S@x, 0D  HS@x, timeD . solsloopP1TL,
HD@Ered@x, tD, 8x, 1<D . x ® 0L  0, HD@Ered@x, tD, 8x, 1<D . x ® lL  0,
Ered@x, 0D  HEred@x, timeD . solsloopP1TL,
HD@Mred@x, tD, 8x, 1<D . x ® 0L  0,
Mred@l, tD  newMred@tD, Mred@x, 0D  HMred@x, timeD . solsloopP1TL,
EM@x, 0D  HEM@x, timeD . solsloopP1TL,
ES@x, 0D  HES@x, timeD . solsloopP1TL,
HD@Eox@x, tD, 8x, 1<D . x ® 0L  0,
HD@Eox@x, tD, 8x, 1<D . x ® lL  0, Eox@x, 0D  HEox@x, timeD . solsloopP1TL,
HD@Mox@x, tD, 8x, 1<D . x ® 0L  0,
Mox@l, tD  newMox@tD, Mox@x, 0D  HMox@x, timeD . solsloopP1TL,
HD@P@x, tD, 8x, 1<D . x ® 0L == 0,
HD@P@x, tD, 8x, 1<D . x ® lL  0, P@x, 0D  HP@x, timeD . solsloopP1TL<,
,
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   fulleqns = Flatten@Join@rateeqns, initialconsDD,
solsloop = NDSolveAfulleqns, 8S, Eox, ES, P, Ered, Mox, EM, Mred<,
8x, 0, l<, 8t, 0, time<, MaxSteps ® ¥, MaxStepSize ® 10-2E,
fluxS = D@S@x, tD . solsloopP1T, xD . 8x ® 0, t ® time<, curr = Ds fluxS,
AppendTo@dataloop, 8Ecell, Abs@currD<D, PrintTemporary@EcellD=E,
AppendTo@data, 8time, dataloop<D, PrintTemporary@
"solver time = " <> ToString@timeDD= &  Range@Length@tlistDD;
ListPlot@dataPAll, 2TD
 Export the CV data
SetDirectory@"C:\\Users\\Monika"D
Export@"CV_Evaltime=" <> ToString@ðP1TD <> "s_.dat", ðP2T, "CSV"D &  data
8CV_Evaltime=0.1s_.dat, CV_Evaltime=0.25s_.dat<
 Some interactive plots
Manipulate@ListPlot@dataPfg, 2T, Joined ® True,
PlotLabel ® "Eval Time = " <> ToString@dataPfg, 1TD,
PlotRange ® 88-0.8, 1.2<, 80, 0.0011<<D, 8fg, 1, Length@dataD, 1<D
